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Abstract
Japanese beetle, Popillia japonica Newman, and oriental beetle, Anomala
orientalis (Waterhouse) (Coleoptera: Scarabaeidae) are major turfgrass pests in United
States. Tiphia vernalis Rohwer and Tiphia popilliavora Rohwer (Hymenoptera:
Tiphiidae) were introduced as biocontrol agents against these beetles. To test the
attractiveness of Tiphia wasps to herbivore induced plant volatiles, two choice bio assays
were conducted. Results showed that both T. vernalis and T. popilliavora were strongly
attracted to volatiles emitted by grub-infested tall fescue (Festuca arundinacea Schreb.)
and Kentucky bluegrass (Poa pratensis L.) over healthy grasses. The elevated levels of
terpenes emitted by grub-infested Kentucky bluegrass and tall fescue coincided with the
attractiveness to the tiphiid wasps. Below-ground host location choice tests revealed that
T. popilliavora wasps can successfully discriminate between the trails containing body
odor or frass of P. japonica grubs and trails without cues. Host cue detection at varying
soil depths experiment revealed that each species of Tiphia can discriminate between the
Y-tube arms with and without cues when the cues of P. japonica were buried at a depth
of 2 cm but not at a depth of 5 cm. Analysis of Tiphia parasitoids preovipositional
behaviors and of their scarab host defensive responses experiment showed that female
T. vernalis spent significantly longer time trying to sting A. orientalis grubs than P.

japonica grubs in order to paralyze them. Third-instar grubs of A. orientalis spent
significantly longer time on defensive behaviors when they were attacked by
T. vernalis which likely cause wasps to spend longer time trying to sting
A. orientalis grubs. We examined the influence of turfgrass species on development and
survival of oriental beetle grubs and their parasitoid T. popilliavora wasps. Grub feeding
on perennial ryegrass and endophyte-free tall fescue resulted in highest mean grub
survival, weight gain, and number of third instars compared to Kentucky bluegrass. The
survival of T. popilliavora larvae was significantly greater on A. orientalis grubs that had
been exposed to roots of endophyte-free tall fescue and perennial ryegrass compared to
that of Kentucky bluegrass.
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Introduction
Turfgrass covers millions of acres of home lawns, commercial landscapes, roadsides,
parks, athletic fields, golf courses and sod farms (National Turfgrass Research Initiative
2003). In addition to aesthetic and recreational benefits, turfgrasses provide
environmental protection and enhancement by purifying and protecting our water, soil
and air wherever they are grown (Abbey and Karpowich 2009). Because of these
benefits, the U.S turfgrass industry has become a $45 million annual business (National
Turfgrass Research Initiative 2003).
Species of white grubs are the most widespread and damaging turfgrass insect pests
in the United States (Kӧppenhofer and Fuzy 2007). Of these, Japanese beetle, Popillia
japonica Newman (Coleopltera: Scarabaeidae), and oriental beetle, Anomala orientalis
(Waterhouse) (Coleoptera: Scarabaeidae), have been reported as key pests of urban
landscapes in the Northeast (Koppenhofer and Fuzy 2007). The damage posed by these
species is significant. For example, yearly costs for management and mitigation of
damage incurred by Japanese beetle are estimated at US$500 million (Gyeltshen and
Hodges 2005). Therefore, developing new strategies for managing insect pests of urban
landscapes is critical.
Japanese beetle, Popillia japonica, was introduced in 1916 to the eastern United
States in infested nursery stock (Fleming 1972). Japanese beetle adults are active from
June through August in most of their geographic range (Held, 2004). Adults damage
foliage, flowers, and have a total host range of more than 300 plant species (Gyeltshen
and Hodges 2005). These beetles are active during day time and mate and feed
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concurrently on host plants (Gyeltshen and Hodges 2005). Japanese beetle has a 1-year
life cycle, spending most of its life underground as a grub. The larvae, commonly known
as white grubs, primarily feed on the roots of wide variety of plants, including all coolseason grasses and most weeds that are commonly found in turf grass sites (Gyeltshen
and Hodges 2005).
The oriental beetle, Anomala (=Exomala) orientalis, is an exotic scarab native to
Japan, which was first collected in the United States in 1920 (Reding and Klein 2007,
Vittum et al., 1999, Choo et al., 2002). The root-feeding larvae, also known as white
grubs, are a major pest of blueberries, ornamental nurseries, and turfgrass in the
northeastern USA (Polavarapu, 1996; Polavarapu et al., 2002, Polavarapu et al., 2007).
Unlike the larval stages, adult oriental beetles do little feeding and do not cause damage
to any crops (Reding and Klein 2007). A. orientalis has a one-year life cycle similar to
that of P. japonica where adult emergence starts in early to mid-June and peaks in late
June to early July (Polavarapu, 1996, Reding and Klein 2007).
At present, white grub control mainly depends on conventional insecticide
applications (Villani et al. 1994; Koppenhӧfer and Fuzy 2008). Current insecticides used
for white grub management include the organophosphate trichlorfon, the carbamate
carbaryl, the neonicotinoids imidacloprid, chlothianidin, thiamethoxam, the insect-growth
regulator halofenozide and the anthranilic diamide chlorantraniliprole (Koppenhöfer
2010). However, reliance on just a few products and heavy usage of these insecticides
could increase the likelihood of insecticide resistance and secondary pest outbreaks. In
order to reduce the environmental impact of modern agriculture, biological control
methods are frequently proposed as alternatives to synthetic insecticides. Use of
2

entomopathogenic nematodes and milky disease bacteria are considered as two
commercially available biological control options for white grubs (Koppenhöfer 2010).
However the recommended nematode against white grubs (Heterorhabditis
bacteriophora) is only effective against Japanese beetle and are considered as less
effective against oriental beetle, Asiatic garden beetle or European chafer larvae
(Koppenhöfer 2010). Similarly the milky disease bacterium Paenibacillus popilliae
(Dutky) is effective only against the Japanese beetle larvae. Further, the efficacy of
milky disease in the Northeast has been inconsistent due to environmental factors (Owen
and Tiskus 1999). Besides commercially available biological control agents, there are
several other organisms that contribute to the mortality of white grubs. Of these, wasps in
the genus Tiphia (Hymenoptera: Tiphiidae) are the dominant group of parasitoids that
attack white grubs (Clausen et al., 1927, Reding and Klein 2001, Rogers and Potter 2004,
Ramoutar and Legrand 2007, Legrand 2009). During the late 1920s and early 1930s, the
US department of agriculture (USDA) introduced several parasitoid wasp species in order
to control the outbreak of P. japonica (Ramoutar and Legrand 2007). Of these, two
species of tiphiid wasps, Tiphia vernalis Rohwer and Tiphia popilliavora Rohwer were
successfully established as biocontrol agents against Japanese beetles grubs (Ramoutar
and Legrand 2007).
T. vernalis is a parasitic wasp that attacks Japanese and oriental beetle grubs. These
wasps are not harmful to either humans or native beetle species (Legrand 2009; Clausen
and King 1927). T. vernalis was released in the Northeast including most of Connecticut's
counties between 1936 and 1949 (Legrand 2009). Recent studies indicated a wide
distribution of T. vernalis in the state of Connecticut (Ramoutar and Legrand 2007).
3

Moreover, populations of T. vernalis have also been documented in Kentucky, Missouri,
Ohio and Tennessee (Ramoutar and Legrand 2007). T. vernalis are solitary wasps
(Legrand 2009). In their univoltine life cycle, male wasps emerge first and females
emerge three to four days later (Legrand 2009, Rogers and Potter 2004). These wasps are
active from the first week of May to the beginning of June with a peak in adult numbers
observed around the last week of May. Adult wasps feed on honeydew produced by
insects like aphids and can be seen on the foliage of maple and cherry (Legrand 2009).
The biology of T. popilliavora is similar to T. vernalis, but the adults emerge in August
and early September and feed on nectar from flowers of wild carrot, rather than
honeydew.
Female Tiphia wasps burrow into the soil and locate soil-dwelling larval hosts using
species-specific kairomones present in grub body odor trails and frass (Rogers and Potter
2002). Studies reported that most Tiphia are host-specific, although some species may
attack several congeneric grub species (Rogers and Potter 2002, Jaynes and Gardner
1924). Once a host is located, the wasp stings it, causing temporary paralysis. An egg is
attached to the grub in a location that is species-specific (Rogers and Potter 2004,
Clausen and King 1927). T. vernalis attaches the egg externally on the larva in the suture
between the third thoracic and first abdominal segments on either side of the median
ventral line with the anterior pole directed toward the lateral margin (Rogers and Potter
2004, Gardner & Parker 1940, Clausen et al. 1927). The specific egg location for
T. popilliavora is in the crease between the fifth and sixth abdominal segments (Clausen
et al. 1927, Legrand 2009). The Tiphia larva feeds externally during its first four instars
by piercing the grub’s integument and imbibing host body fluids. During the fifth instar,
4

the larval Tiphia devours all but the sclerotized portions of the grub and then spins a
silken cocoon in which it overwinters, emerging the following year (Rogers and Potter
2002). Tiphia vernalis attacks overwintering grubs, whereas T. popilliavora attacks
young grubs in late summer (Clausen et al. 1927; King and Parker 1950, Legrand 2009).
The effective use of parasitoid wasps in biological control programs is contingent on
understanding their ecology and that of their targets, their interactions with production
and management practices, and the most effective means for utilizing them. In order to
implement effective pest management strategies, it is essential to understand the host
selection behaviors of parasitoids. Barbosa et al. (1982) divided the processes that result
in successful parasitism into four steps: (i) host habitat location, (ii) host location, (iii)
host acceptance, and (iv) host suitability. In my research, I examined how T. vernalis and
T. popilliavora locate their below ground hosts at some distance above ground and the
types of cues they used in the process of host location both above and below-ground.
Further, I examined the behavioral events leading to oviposition by tiphiid wasps and
how the defensive behaviors of scarab grubs could affect the host acceptance of tiphiid
wasps. Finally, I determined the influence of turfgrass species on development and
survival of oriental beetle grubs and of their parasitoid, T. popilliavora wasps. Virtually
no work has been done on T. popilliavora. More in depth knowledge of the behavior and
ecology of these wasps is necessary for conservation biological control, and to guide
ongoing and future practices to establish Tiphia wasps.
This dissertation is organized into four distinct chapters. Chapter 1 investigates the
role of root-herbivory in the induction of turfgrass volatile compounds as a signal to
Tiphia parasitoids (T. vernalis and T. popilliavora) and identifies and measures
5

herbivore-induced volatiles involved in tri-trophic interaction.Chapter 2 examines the
influence of host species and location in the host detection ability of T. vernalis and
T. popilliavora. Chapter 3 gives a detailed account of the oviposition process of
T. popilliavora, analyzes the preovipositional behaviors of T. vernalis and T. popilliavora
when they attack P. japonica and A. orientalis, and analyzes the defensive responses of
P. japonica and A. orientalis against tiphiid wasps. Finally, Chapter 4 examines the
influence of turfgrass species on the survival and development of oriental beetle grubs
and of their parasitoid, T. popilliavora wasps.
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CHAPTER 1

Use of herbivore-induced plant volatiles as search cues by
Tiphia vernalis and Tiphia popilliavora to locate their
below-ground scarabaeid hosts
Abstract
Japanese beetle, Popillia japonica Newman, and oriental beetle, Anomala orientalis (both
Coleoptera: Scarabaeidae) are considered invasive species and have been reported as key
pests of urban landscapes in the Northeastern United States. Tiphia vernalis Rohwer and
Tiphia popilliavora Rohwer (Hymenoptera: Tiphiidae) were introduced as biocontrol
agents against these beetles. These parasitic wasps burrow into the soil and search for
grubs. When a host is found, the wasp attaches an egg in a location that is specific for the
wasp species. It is unknown if these wasps can detect patches of concealed hosts from a
distance above ground and what role, if any, herbivore-induced plant volatiles play in
their host location. This study evaluated the responses of female T. vernalis and of T.
popilliavora to grub-infested and healthy plants in Y-tube olfactometer bioassays. Also
the effect of root-herbivory on the composition of turfgrass (Poaceae) volatile profiles
was investigated by collecting volatiles from healthy and grub-infested grasses. Tiphia
wasps were highly attracted to volatiles emitted by grub-infested tall fescue (Festuca
arundinacea Schreb.) and Kentucky bluegrass (Poa pratensis L.) over healthy grasses. In
contrast, wasps did not exhibit a significant preference for grub-infested perennial
ryegrass (Lolium perenne L.) as compared to the control plants. The terpene levels
emitted by grub-infested Kentucky bluegrass and tall fescue were greater than that of
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control plants. Low levels of terpenes were observed for both test and control perennial
ryegrass. The elevated levels of terpenes emitted by grub-infested Kentucky bluegrass
and tall fescue coincided with the attractiveness to the tiphiid wasps. Here we provide
evidence that plant exposure to root-feeding insects P. japonica and A. orientalis resulted
in an increase of terpenoid levels in turfgrasses, which strongly attracts their above
ground parasitoids.
Keywords: Popillia japonica, Anomala orientalis, Tiphiidae, parasitoids, plant volatiles

1. 1 Introduction
Several species of white grubs are the most widespread and damaging turfgrass
(Poaceae) insect pests in the United States (Potter & Held, 2002; Koppenhӧfer & Fuzy,
2008). Of these, Japanese beetle, Popillia japonica Newman, and oriental beetle,
Anomala orientalis (Waterhouse) (both Coleoptera: Scarabaeidae), have been reported as
key pests of urban landscapes in the Northeast (Polavarapu et al., 2002; Potter & Held,
2002; Koppenhӧfer & Fuzy, 2008). The damage caused by these species is significant.
For example, yearly costs for management and mitigation of damage incurred by
Japanese beetle are estimated at US$500 million (Gyeltshen & Hodges, 2005). Tiphia
vernalis Rohwer and Tiphia popilliavora Rohwer (Hymenoptera: Tiphiidae) were
introduced as biocontrol agents against these beetles. Female Tiphia wasps burrow into
the soil and locate soil-dwelling larval hosts using species-specific kairomones present in
the grub body odor trails and frass (Rogers & Potter, 2002). Once a host is located, the
wasp stings it, causing temporary paralysis. An egg is attached to the grub in a location
that is specific for that particular Tiphia species (Clausen et al., 1927; Rogers & Potter,
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2004).
White grubs tend to be patchily distributed in turf (Dalthorp et al., 2000) and it
seems unlikely that Tiphia females search randomly for such patches. The cues that the
flying wasps may use to guide them to areas where white grubs are abundant are still
unknown. In the process of host location, parasitoids rely on cues arising from either the
host or the host’s food plant (Vinson, 1976; Potting et al., 1995; Turlings et al., 1990,
1991; Vet & Dicke, 1992; Rogers & Potter, 2002; Heil & Ton, 2008). Although the cues
arising directly from herbivores or their by-products (e.g., frass) are more reliable
indicators of host presence, they are difficult to detect at a long distance and are usually
used as contact stimuli (Vet & Dicke, 1992; Dicke, 1999; Inoue & Endo, 2008;
Obeysekara & Legrand, 2011). In contrast, plant-derived volatiles are easier to detect in a
large, heterogeneous environment due to the larger size of the host plant compared to the
herbivore (Vet et al., 1991; Dicke, 1999; Potting et al., 1999; Heil & Ton, 2008).
When attacked by herbivorous insects, many plants emit volatile compounds that are
easily detectable and very reliable cues for foraging natural enemies, especially aboveground parasitoids, as they are produced in large amounts by plants, but only when the
plants are under herbivore attack (Dicke, 1999; Heil & Ton, 2008). Substantial evidence
indicates that natural enemies use specific herbivore-induced volatiles emitted by
herbivore-infested plants in long-range host or prey location (Turlings et al., 1990, 1991;
Dicke, 1994, 1999; Kesseler & Baldwin, 2001; Nevue et al., 2002; Soler et al., 2005).
Some grasses tested to date, including maize and rice, respond to herbivore damage
with the emission of a blend of volatiles consisting mostly of terpenes and products of the
lipoxygenase pathway (Gouinguené et al., 2001; Degen et al., 2004; Köllner et al., 2004;
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Cheng et al., 2007; Yuan et al., 2008; Degenhardt, 2009). For instance, Turlings et al.
(1990) showed that corn seedlings respond to insect herbivore injury by releasing
relatively large amounts of several characteristic terpenoids. These terpenoids make
injured corn seedlings more attractive to parasitic wasps that attack the herbivores
(Turlings et al., 1990). It has been reported that the induced emission of volatiles is not
limited to the sites of damage but occurs throughout the plant (Turlings & Tumlinson,
1992; Neveu et al., 2002; Bezemer et al., 2004; Bezemer & Dam, 2005; Fatouros et al.,
2005; Soler et al., 2005). Thus far, the study of herbivore-induced plant volatiles and their
role of mediating interactions between plants, herbivores, and natural enemies (i.e.,
parasitoids and predators) has been primarily based on above-ground interactions, and the
role of soil-inhabiting herbivores in activating plant defense responses has not been well
studied (Van Tol et al., 2001; Bezemer et al., 2004; Rasman et al., 2005; Soler et al.,
2007). Nevertheless, the evidence points to plant volatiles playing a role in attracting
natural enemies of below-ground herbivores (Van Tol et al., 2001; Neveu et al., 2002;
Rasman et al., 2005). For instance, it has been reported that root herbivory can increase
shoot terpenoid concentrations in Gossypium herbaceum L. and Zea mays L. (Bezemer et
al., 2003, 2004; Rasman et al., 2005; Erb et al., 2008). Furthermore, root herbivory by a
maize pest, Diabrotica virgifera virgifera LeConte induces a volatile signal in the soil
that attracts entomopathogenic nematodes and simultaneously the same volatile signal is
released from the leaves of the plant (Rasmann et al., 2005). Of these studies, the only
study that has examined the systemic effect of below-ground herbivory (cabbage root fly,
Delia radicum L) on above ground parasitoid species (Trybliographa rapae Westwood)
is Nevue et al. (2002). However, in Nevue et al. (2002) the volatile compounds that
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attract the above-ground parasitoid were not identified. Therefore, the goals of this study
were to investigate the role of root herbivory in the induction of turfgrass volatile
compounds as a signal to parasitoids of root herbivores and to identify and measure
herbivore-induced volatiles involved in a tri-trophic interaction. The role of herbivoreinduced plant volatiles in host habitat location of tiphiid wasps is not known. Thus, in the
present work we determined the attractiveness of white grub-infested and uninfested
turfgrass for T. vernalis and T. popilliavora females using a Y-tube olfactometer. The
possible volatile compounds emitted by grub-infested and healthy turfgrasses were also
identified and measured.

1.2 Materials and methods
1.2.1 Insect collection and handling
Third-instar P. japonica and A. orientalis grubs were collected from late April to
early May from stands of predominantly Kentucky bluegrass at the University of
Connecticut research farm (41°47’44.02’’N, 72°13’42.54”W). Grubs were held in plastic
containers (29 ml) containing autoclaved soil at room temperature (22-24 ºC) until they
were needed.
Tiphia vernalis and T. popilliavora were collected from turf areas in the University
of Connecticut Depot campus (41°48’32.16”N, 72°17’41.26”W). Tiphia vernalis were
collected during late May by spraying 10% sugar water solution onto the foliage of trees
bordering areas of turfgrass and T. popilliavora were collected during August to early
September from wild carrot (Daucus carota) flowers. The wasps were separated by
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gender, and females were placed individually into 118-ml plastic vials half filled with
moist autoclaved soil. A piece of cotton wool soaked in a 10% (wt/vol) sugar water
solution was placed on the surface of the soil as a food source. Containers with wasps
were placed at room temperature (22-24 °C) and L14:D10 photoperiod until use in
experiments.
1.2.2 Plant culture
Seeds of Kentucky bluegrass (Poa pratensis L.) cultivar ‘America’, tall fescue
(Festuca arundinacea Schreb) cultivar ‘Daytona’, and perennial ryegrass (Lolium
perenne L.) cultivar ‘Quebec’ were individually planted in regular potting soil [Canadian
sphagnum peat (50%), processed pine bark, perlite, and vermiculite in 9 cm (diameter) ×
9 cm (deep) plastic pots. The plants were kept in a growth chamber at 25 oC, 70% r.h.,
and L16:D8 for 8 weeks. The light intensity for the plants was 25,000 lux (Sylvania
F72T12/CW/VHO, Fluorescent light bulbs (Osram Sylvania, Danvers, MA, USA) during
the photophase. The plants were watered daily, and fertilized with Miracle-Gro®
fertilizer (The Scotts Company LLC, Marysville, OH, USA) 100 p.p.m. in aqueous
solution twice a week as part of the regular watering schedule. Fertilization started when
plants were 2 weeks of old.
1.2.3 Bioassay Procedure
Two choice bio-assays were conducted using a Y-tube olfactometer to test: 1)
whether the wasps are attracted to volatiles emanating from a given healthy turfgrass
species, and 2) whether the wasps use herbivore-induced plant volatiles to locate the
herbivore. The olfactometer used for both bioassays has been described by Fatouros et al.
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(2004). It was made of glass (4 cm inner diameter; stem 6 cm, arms 10 cm; stem-arm
angle 60°) with each arm connected to a 2-l glass volatile collection chamber holding
individual plants as the odor source (Fig. 1). Air was filtered through activated charcoal,
humidified, and split into two air streams that were fed through the glass containers to the
olfactometer at a flow of 1 l min-1 in each arm. At the end of the stem, air was removed at
a rate of 2 l min-1. The collection chambers were sealed with de-ionized water. All
experiments were conducted at 20–25 °C and 50–60% r.h., using a 50 W incandescent
light bulb above the olfactometer. Cardboard panels (15 cm high × 40 cm wide)
surrounded the Y-tube olfactometer to prevent light entering from the sides. Wasps were
individually released at the down-wind end of the Y-tube and observed for a maximum
period of 5 min. If the wasp walked to the end of one of the olfactometer arms, it was
scored as a choice. If the wasp did not reach the end of either arm within 5 min, it was
scored as ‘no response’. All wasps were used only once. After every second wasp, the
test and control plants were changed for new ones and the apparatus was exchanged to
avoid any possible asymmetry effects and the glassware were washed with distilled water
and acetone.

17

Air in

Figure 1. Experimental setup of the Y-tube olfactometer with grub-infested
and control plants.

Response of tiphiid females toward different species of healthy turfgrasses
For each comparison of healthy grasses, two pots each containing 6-week-old plants
of a given turf species (similar height, same number of leaves) were selected and placed
individually in the volatile collection chambers. The pots were sealed using Teflon bags
in order to prevent contamination due to products in the soil. Separate tests were
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conducted for tall fescue vs. Kentucky bluegrass, Kentucky bluegrass vs. perennial
ryegrass, and perennial ryegrass vs. tall fescue. The choice tests were replicated 20 times
for T. vernalis and 30 times for T. popilliavora given the choice between two healthy
turfgrass species. These totaled 60 T. vernalis and 90 T. popilliavora wasps tested. The
test and control plants were changed for new ones after every second wasp. Therefore the
numbers of plants per treatment with T. vernalis and T. popilliavora were 10 and 15
plants, respectively.

Response of tiphiid females toward infested versus healthy plants of different turf species
To test the tiphiid wasps’ response to grub-infested vs. healthy turfgrasses, the
choice tests for each grass species were replicated 35 times for T. vernalis and 50 times
for T. popilliavora respectively. A total of 105 T. vernalis and 150 T. popilliavora were
tested for all experiments. Six-week-old grasses (similar height, same number of leaves)
were selected for behavioral assays with T. vernalis and T. popilliavora. Half of the pots
were seeded with four grubs, two grubs of P. japonica and two grubs of A. orientalis.
Third-instar grubs were used in all experiments. The grubs were allowed to feed on the
roots for a week. To verify that seeded grubs had fed on the grass roots, after every
second wasp, the pots were destructively sampled and the number of grubs alive was
recorded for each turfgrass species. Also the rigidity of potted soil and root system was
visually examined and compared between test and control plants. The other plants were
left without grubs to serve as controls. After 1 week, plants were placed individually in
volatile collection chambers. The pots were sealed using Teflon bags in order to prevent
contamination due to larval products and any other by-product of larvae in the soil. The
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plants were changed after every second wasp tested. Therefore the numbers of plants per
treatment with T. vernalis and T. popilliavora were 18 and 25 plants, respectively.
In addition to the above experiments, tests were done to verify that there was no
contamination in the air system with host related products. Wasps’ choice was tested
when given the choice between clean air and air passing over the third-instar grubs of
either P. japonica or A. orientalis. These tests were replicated 20 times for T. vernalis
and 30 times for T. popilliavora, respectively, for each grub species.
1.2.4 Statistical analysis.
The number of wasps responding within each choice test was analyzed by a χ2
goodness-of-fit test against the null hypothesis of a 1:1 ratio (Lehner, 2003) using SAS
9.3 (SAS Institute, Cary, NC, USA).
1.2.5 Volatile collection
Plant volatiles were collected by dynamic headspace sampling (Tholl et al., 2006)
from the upper part of the plant by sealing the pots with Teflon bags in order to prevent
contamination due to larval products and any other byproduct of larvae in the soil (Fig.
2). For each grass species, volatiles were collected simultaneously from a grub-infested
and a healthy plant. Plants were placed individually in 2-l Pyrex glass volatile collection
chambers and sealed with Qubitac sealant (Qubit systems, Ontario, Canada). Each
collection apparatus (2-l glass chamber with an air inlet, outlet, and Tenax GR trap tube)
was placed under 100 W incandescent bulb and the whole system was encircled by
cardboard (50 cm high × 50 cm wide) lined with aluminum foil. The temperature inside
the collection chambers was monitored to ensure a consistent temperature of 30 ± 2 ºC.
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Clean air was passed through each chamber at 200 ml min-1 and was pulled at 100 ml
min-1 through a collection trap. The collection traps were glass tubes (2.5 cm long × 4
mm diam.) that contained 17 mg of 80/100 mesh Tenax-GR absorbent (Scientific
Instrument Services, Ringoes, NJ, USA. The traps were inserted into a glass tube which
was connected through Teflon O-rings and placed in the air outlet. The volatiles were
collected for a 24-h period (including 12 h photoperiod).
Volatiles were collected from Kentucky bluegrass, tall fescue, and perennial ryegrass
each with or without P. japonica or A. orientalis larvae. For each grass species, 12 pots
containing 8-week-old grasses (similar height and same number of leaves) were selected.
Of the 12 pots selected, three pots were seeded with third-instar grubs of P. japonica and
three pots were seeded with third-instar A. orientalis grubs. The rest of the pots were left
without grubs. Four individual grubs of each species were introduced into each pot by
placing them on the soil surface, whereafter they burrowed into the soil. The grubs were
allowed to feed on the roots for a week. After 1 week, plants were placed individually in
volatile collection chambers. The pots were sealed using Teflon bags in order to prevent
contamination due to larval products and any other by-product of larvae in the soil. On
the day of an experiment, the volatiles were collected from one treated and one healthy
plant of a particular turf species. The experiment was replicated three times for each grub
and turfgrass species combination following other work entailing collection and analysis
of induced turfgrass volatiles (Yue et al., 2001; Watkins et al., 2006) and analysis of
terpenoids from hemlocks (Lagalante & Montgomery 2003). After each trial, the pots
were destructively sampled in order to obtain information on infestation success. In order
to discount the potential contamination by host-related products which may have an
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influence on the volatile profiles, three air samples were collected from air circulating
through the chambers with pots containing only the grubs and potting mix (without the
plants) sealed with Teflon bags.

Flow meter

Charcoal filter

Air in

Volatile trap

Teflon bag

Flow meter
Vacuum pump

Figure 2. “Push-pull” head space volatile collection chamber used to collect volatiles
from grub-infested and control plants.
1.2.6 Analysis of Volatiles
Volatile analysis was done by gas-chromatography and mass spectrometry. After
removing the traps from the volatile collection system, they were injected through a
syringeless injection device (Lavigne, 2004) into a standard split/splitless capillary
injection port of a Hewlett Packard model 6890 gas chromatograph (GC) (Agilent
Technologies, Inc., Santa Clara, CA, USA). The GC was connected to a Hewlett Packard
model 5972 mass spectrometer. The helium carrier gas pressure was electronically
controlled at a constant flow of 1.5 ml/min. Following injection, all the compounds
absorbed to the Tenax GR were disabsorbed and transferred to the GC column (30 m, 0.25
mm i.d., 1.00 µm phase thickness) which was held in sub-ambient liquid nitrogen. The
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column temperature was maintained at 35 ºC for 2 min and then programmed at 15 ºC
min-1 to 325 ºC. The thermal desorption temperature used in the injection port was 250 °C
and the time of desorption was 2 mins. Data were collected with Hewlett Packard
ChemStation software and Eighty-X software (CSS Analytical Company, Shawnee, KS,
USA. The compounds were tentatively identified using a mass spectrum database search
(NIST MS database, 2011) and 70% or greater probability match. The probability value
greater than 70% indicates that an acquired mass spectrum is a good match with a library
spectrum (NIST library search manual). Further, the use of consistent retention times
increases the reliability of the identified compounds.
Extracted ion chromatograms were obtained from total ion spectrums for each
replicate. The m/z fragment 93, which is considered as a terpene-specific ion mass
segment, was used to investigate the differences between test and control plants of each
species (Lagalante & Montgomery, 2003). The area under the identified peak was
integrated using m/z fragment 93 from the total-ion spectrum for each compound. Because
the amount of terpenes released positively correlates with the area under an identified peak
of the extracted ion chromatogram, the area under each identified peak was measured to
obtain the relative abundance of total ions for m/z fragment 93. These relative abundance
data were measured and compared between test and control plants of a given turfgrass
species using Mann-Whitney U test using SAS 9.3 (SAS Institute).
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1.3 Results
1.3.1 Behavioral assays
Response of T. vernalis and T. popilliavora towards healthy plants
When given the choice between Kentucky bluegrass and perennial ryegrass,
T.vernalis did not show a preference for either Kentucky bluegrass or perennial ryegrass
(χ2 =3.2, d.f. = 1, P = 0.074; Fig. 3). However, significant preference for Kentucky
bluegrass was observed for T. popilliavora when they were given the choice between
Kentucky bluegrass and perennial ryegrass (χ2 = 4.8, d.f. = 1, P = 0.029). Neither tiphia
species showed a statistically significant preference when they were given the choice
between Kentucky bluegrass versus tall fescue (T. vernalis: χ2 = 3.20, d.f. = 1, P = 0.074;
T. popilliavora: χ2 = 2.13, d.f. = 1, P = 0.14) and perennial ryegrass versus tall fescue (T.
vernalis: χ2 = 0.80, d.f. = 1, d.f. = 1, P = 0.37; T. popilliavora: χ2 = 2.13, d.f. = 1, P =
0.14).

Figure 3. Response of T. vernalis and T. popilliavora females in a Y-tube olfactometer to
volatiles from healthy turfgrasses. KBG – Kentucky bluegrass, TF- tall fescue, PR –
perennial ryegrass. * P < 0.05.
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Response of T. vernalis and T. popilliavora toward grub-infested versus control plants
The study demonstrated that T. vernalis and T. popilliavora females were significantly
attracted to volatiles emanating from grub-infested Kentucky bluegrass over uninfested
plants of the same species (T. vernalis: χ2 = 10.31, d.f. = 1, P = 0.0013; T. popilliavora: χ2
= 5.12, d.f. = 1, P = 0.024; Fig. 4). In addition, significantly more females of both Tiphia
species were attracted to grub-infested tall fescue than to the uninfested plants of the
same species (T. vernalis: χ2 = 4.83, d.f. = 1, P = 0.028; T. popilliavora: χ2 = 6.48, d.f. =
1, P = 0.011). Surprisingly, the response of the two Tiphia species was not significant
toward either grub-infested or control plants of perennial ryegrass (T. vernalis: χ2 = 0.26,
d.f. = 1, P = 0.61; T. popilliavora: χ2 = 0.32, d.f. = 1, P = 0.57).

Figure 4. Response of T. vernalis and T. popilliavora females in a Y-tube olfactometer to
volatiles from grub infested versus healthy turfgrasses. KBG – Kentucky bluegrass, TFtall fescue, PR - perennial ryegrass, Control - plants without grubs/healthy plants.
*P < 0.05.
In order to evaluate grub feeding success, after every second wasp the pots were
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destructively sampled and number of grubs alive was counted. The average number of
grubs surviving after a week in pots with Kentucky bluegrass, tall fescue, and perennial
ryegrass was 3, 3.5, and 3.8, respectively. The visual examinations of potted soil and root
system of the test and control plants of each species indicated that the root system with
grubs were fed upon, resulting in a less rigid and less dense root system than the control
plants of the same species.
In order to assess the potential contamination by host-related products, the wasps’
choice was tested between clean air and air passing over the third-instar grubs of either P.
japonica or A. orientalis. Our results demonstrated that when given the choice between
clean air vs. air passing over the third-instar grubs of either P. japonica or A. orientalis,
the wasps’ response was not significantly different toward either treatment (T. venalis, P.
japonica: χ2 = 0.8, d.f. = 1, P = 0.37; A. orientalis χ2 = 1.8, d.f. = 1, P = 0.18; T.
popilliavora, P. japonica: χ2 = 0.53, d.f. = 1, P = 0.47; A. orientalis: χ2 = 0.13, d.f. = 1, P
= 0.72).
1.3.2 Identification of volatiles of grub-infested versus control plants
Some of the compounds identified in the total ion spectrum (i.e., overall profile) for
both grub-infested and control plants of Kentucky bluegrass and tall fescue include, βmyrcene, 3-hexen-1-ol, trans-β-ocimene, D-Limonene, α-Ocimene, nonanal, 3-hexen-1yl-acetate, decanal, and 2-ethylhexyl salicylate (Figs. 5a and 5b). The compounds
identified from the extracted ion chromatogram using m/z segment 93 include β-myrcene,
trans-β-ocimene, α-ocimene, and D-limonene. For all extracted ion chromatograms, the
terpene levels emitted by grub-infested Kentucky bluegrass and tall fescue were greater
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than that of the control plants of the same species. (Figs. 6a, 6b, 7a, and 7b). When both
Kentucky bluegrass and tall fescue were infested with third-instar Japanese beetle grubs,
significantly higher levels of α-ocimene and trans-β-ocimene (Mann-Whitney U test:
Kentucky bluegrass and tall fescue, all four χ2 = 3.86, d.f. = 1, P = 0.049; Fig. 9) were
released from the grub-infested plants compared to control plants of the same species.
Although Kentucky bluegrass infested with oriental beetle grubs released significantly
higher levels of α-ocimene and trans-β-ocimene compared to the control plants (both χ2 =
3.86, d.f. = 1, P = 0.049; Fig. 10), tall fescue infested with oriental beetle grubs did not
show a significant difference between grub-infested and control plants (α-ocimene: χ2 =
0.43, d.f. = 1, P = 0.51; trans-β-ocimene: χ2 = 1.19, d.f. = 1, P = 0.28). β-myrcene was
still released in large amounts from grub-infested Kentucky bluegrass and tall fescue
compared to control plants, the difference was statistically significant only for tall fescue
infested with P. japonica (χ2 = 3.86, d.f. = 1, P = 0.049). The release of D-limonene was
significantly higher only for Kentucky bluegrass infested with oriental beetle grubs
compared to the control (χ2 = 3.86, d.f. = 1, P = 0.049), but the difference was not
statistically significant for the rest of the comparisons.
In contrast, compared to Kentucky bluegrass and tall fescue, very low levels of
terpenes were observed for both grub-infested and control plants of perennial ryegrass
(Figs. 8a and 8b). As a result of these low levels of terpenes emitted by grub-infested and
control plants of perennial ryegrass, some of the compounds were only identified as
terpenes based on the retention time. The probability values obtained for β-myrcene and
D-limonene for both grub-infested and control plants of perennial ryegrass were less than
50% which indicate low match with the library spectrum. Further, the area under each
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peak in the total ion spectrum was not measured due to very low levels of ions emitted by
both test and control perennial ryegrass.
The feeding success of the grubs was evaluated by counting the number of grubs
alive at the end of each trial. Our records showed that at least three grubs were alive for
each plant-grub species combination. The visual examinations of the potted soil and root
systems of the test and control plants of each species indicated that the root system of the
grub-infested plants were less rigid and easier to separate than the roots of control plants
of the same species. To exclude the potential contamination by host-related products
which may have an influence on the volatile profiles, air samples were collected from air
circulating through the chambers with pots containing only the grubs and potting mix.
The resulting chromatographic profiles did not show any noticeable compounds that
could confound the chromatographic profiles obtained from grub-infested and control
plants (Fig. 11).
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Figure 5. (a) Typical total ion spectrum after analysis of volatiles released from grub infested tall fescue plant. (b) Typical total ion
spectrum after analysis of volatiles released from control tall fescue plant.
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Figure 6. (a) Overlapped extracted ion chromatograms for Kentucky bluegrass infeste
japonica and control plants.(b) Overlapped extracted ion chromatograms for Kentucky
infested with A. orientalis and control plants.

30

(a)

Grub-infested
Control

Relative abundance of total ions for mass segment 93

trans-β-ocimene

β-myrcene

D-limonene

α-ocimene

(b)

Relative abundance of total ions for mass segment 93

Grub-infested
Control

β-myrcene

trans-β-ocimene

D-limonene

α-ocimene

Retention time (minutes)

Figure 7. (a) Overlapped extracted ion chromatograms for tall fescue infested with P. japonica
and control plants. (b) Overlapped extracted ion chromatograms for tall fescue infested with
A. orientalis and control plants.
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Figure 8. (a) Overlapped extracted ion chromatograms for perennial ryegrass infested with
P. japonica and control plants. Overlapped extracted ion chromatograms for perennial
ryegrass infested A. orientalis and control plants.
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Figure 9. Relative abundance of total ions for α-ocimene, β-myrcene, D-limonene, and trans- βocimene released from P. japonica-infested and control plants of Kentucky bluegrass and tall fescue.
(Mann-Whitney U test *** P < 0.05, illustrating medians, 25th and, 75th percentiles).
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Figure 10. Relative abundance of total ions for α-ocimene, β-myrcene, D-limonene, and trans- βocimene released from A. orientalis-infested and control plants of Kentucky bluegrass and tall fescue.
(Mann-Whitney U test *** P < 0.05, illustrating medians, 25th and, 75th percentiles).
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Figure 11. Typical total ion spectrum after analysis of volatiles released from a pot
containing potting mix and P. japonica grubs.

1.4 Discussion
Our study demonstrated that T. vernalis and T. popilliavora females are significantly
attracted to volatiles emanating from grub
grub-infested
infested tall fescue and Kentucky bluegrass
over uninfested grasses of the same species. This significant preference for herbivoreherbivore
infested plants has been observed in many other parasit
parasitoid
oid species. For example, Du et al.
(1998) showed that the aphid parasitoid Aphidius ervi Haliday was attracted to herbivore
induced plant volatiles emitted by broad bean, Vicia faba L. infested with the pea aphid,
Acyrthosiphon pisum (Harris). Findings of Turlings et al. (1991) reveal that females of
the parasitic wasp Cotesia marginiventris (Cresson) use plant-derived
derived volatiles produced
by corn seedlings (Zea
Zea mays L.) infested with beet armyworm larvae (Spodoptera
Spodoptera exigua
(Hübner). Further, Nevue et al. ((2002),
2002), showed that when the roots of turnips (Brassica
(
rapa L.) were infested with Delia radicum L. larvae, the parasitoid Trybliographa rapae
showed a significant attraction toward larval
larval-infested
infested plants over control plants.
The volatile compounds identif
identified
ied using extracted ion chromatograms for both grubgrub
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infested and control plants of Kentucky bluegrass and tall fescue include β-myrcene,
trans-β-ocimene, α-ocimene, and D-limonene. The terpene levels emitted by grubinfested Kentucky bluegrass and tall fescue were greater than that of the control plants of
the same species. The elevated levels of terpenes emitted by grub-infested Kentucky
bluegrass and tall fescue coincided with the plants’ attractiveness to the tiphiid wasps.
Various studies on above- and below-ground plant interactions have found an increase in
shoot defensive compound concentrations in response to root chewing by below-ground
insects (Birch et al., 1992; Bezemer et al., 2003, 2004) and to artificial root damage or
hormone applications as a substitute for root feeding (Bezemer et al., 2004; Hol et al.,
2004; van Dam et al., 2004). Root herbivory has been shown to increase terpenoid
concentrations in shoots of corn (Z. mays) and G. herbaceum (Bezemer et al., 2003,
2004; Rasmann et al., 2005). The results of this study concur with results from other
studies where terpene production was induced by the application of jasmonic acid as a
substitute for root feeding (Rodriguez-Saona et al., 2001; Yue et al., 2001; Watkins et al.,
2006). Typically, the most obvious result of induction is a marked increase in the amount
of terpenes produced by the plants, especially myrcene, limonene, trans-β-ocimene, and
α-ocimene (Paré & Tumlinson, 1999; Yue et al., 2001; Watkins et al., 2006). Here we
showed for the first time that significantly higher levels of α-ocimene and trans-βocimene emanated from Japanese beetle grub-infested Kentucky bluegrass and tall fescue
than from the control plants of the same species. β-ocimene is emitted by cotton and
many other plants in response to herbivore attack (Paré & Tumlinson, 1999). Ocimenes
are powerful attractants and have been shown to attract parasitic wasps (Rӧse et al.,
1998), aphid parasitoids (Du et al., 1998), and predatory mites (Takabayashi et al., 1994).
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The emission of significantly higher levels of trans-β-ocimene and α-ocimine, therefore,
is a likely component of the defense response of Kentucky bluegrass and tall fescue to
scarabaeid grub attack. Moreover, this study demonstrates that when Kentucky bluegrass
is infested with oriental beetle grubs, the level of α- ocimene and trans-β-ocimene is
significantly higher compared to the control plants but for tall fescue the difference was
not statistically significant. Several studies have shown that in grasses the species of
attacking herbivore does not seem to affect the blend of volatiles very much (Degenhardt,
2009). However, slight differences in the composition of volatile blends were reported in
maize infested with lepidopteran larvae Spodoptera littoralis (Boisduval) and Ostrinia
nubilalis (Hübner) (Turlings et al., 1998), and rice attacked by Pseudaletia separata
Walker and Helicoverpa armigera (Hübner) (Yan & Wang, 2006).
Tiphiid wasps did not show a significant preference for grub-infested plants
compared to the control plants when the choice was between grub-infested and control
plants of perennial ryegrass. Further, the volatile analysis of grub-infested and control
plants of perennial ryegrass revealed that they emit relatively low levels of terpenes
compared to grub-infested Kentucky bluegrass and tall fescue. These low levels of
terpenes might explain why tiphiid wasps did not show a preference for either infested or
uninfested plants of perennial ryegrass. It is unknown why perennial ryegrass acts
differently as compared to tall fescue and Kentucky bluegrass when they were infested
with scarabaeied grubs. The quality and quantity of volatile profiles of healthy and/or
herbivore-infested turfgrasses may vary due to several factors including the origin of the
turfgrass species, the species level, and cultivar level differences. The ryegrasses are
native to North America and Asia minor while tall fescue and Kentucky bluegrass are
37

native to Europe and Eurasia (Hanson et al., 1969; Beard, 1973; Vittum et al.,1999).
Rasmann et al. (2005) reported that the composition of volatile blends released by North
American maize lines were significantly different from European maize lines and the
wild, teosinte ancestor. (E)-β-caryophyllene, which strongly attracts entomopathogenic
nematodes in response to root feeding by D. virgifera larvae was not released by North
American and wild maize ancestors whereas European lines do so (Rasmann et al., 2005).
Moreover, several studies have shown that total quantity and qualitative composition of
volatile blends are significantly different between plant species (Geervliet et al., 1997)
and cultivars (Loughrin et al., 1995; Rapusas et al., 1996; Gouinguené et al., 2001).
In order to discount the potential contamination by host-related products which may
have an influence on wasps’ response, additional experiments were carried out using the
same experimental set-up. Our results demonstrated that when given the choice between
clean air vs. air passing over the third-instar grubs of either P. japonica or A. orientalis,
wasps’ response was not significant toward either treatment. Moreover, volatile profiles
obtained from air samples collected from chambers with pots containing only the grubs
and potting mix did not show any noticeable compounds. Taken together, all these
observations indicate that the undamaged above-ground portion of the turfgrass (shoot
and the leaves) was responsible for releasing attractive volatiles for Tiphia wasps. This
also suggests that volatiles attracting T. vernalis and T. popilliavora females are emitted
systemically from plants infested by root-feeding white grubs. Several behavioral studies
showed that even undamaged parts of the damaged plant can be attractive to parasitoids.
Turnips (B. rapa) for example that are infested with root fly larvae attract above-ground
parasitoids of the root fly (Nevue et al., 2002). Rasmann et al. (2005) reports that root
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herbivory induces a volatile signal in the soil that attracts entomopathogenic nematodes
and simultaneously the same volatile signal is released from the leaves of the plant.
Similar processes of systemic volatile emissions have been found in lima bean
(Phaseolus lunatus L.) (Dicke et al., 1990), corn (Turlings & Tumlinson, 1992; Potting et
al., 1995), cotton (Gossypium hirsutum L.) (Rӧse et al., 1996, Cortesero et al., 1997),
broad bean (Vicia faba L.) (Guerrieri et al., 1999), and cabbage (Brassica nigra L. and B.
oleracea ) (van Dam & Raaijmakers, 2006). As far as we know, no previous study has
shown chemical evidence for systemic release of root herbivore induced volatiles from
turfgrasses.
Several studies have shown that root herbivores can influence the herbivore-induced
plant volatiles (Masters et al., 2001; Rasman et al., 2005; Rasman & Turling 2007; Soler
et al., 2007; Wajnberg & Colazza, 2013). There is empirical evidence indicating that
herbivore-induced plant volatiles emitted due to root-feeding insects can attract
entomopathogenic nematodes (Rasmann et al., 2005; Rasmann & Turling, 2007).
However, little is known on the effect of herbivore-induced plant volatiles emitted due to
root herbivorous insects on the behavior of their above-ground parasitoids (Wajnberg &
Colazza, 2013). To our knowledge, the only study that examined the behavior of an
above-ground parasitoid, Trybliographa rapae of a below-ground host, Delia radicum, is
Nevue et al. (2002) in which the volatile compounds that are responsible for parasitoid
attraction were not identified. Our study demonstrated for the first time that root-feeding
insects may affect the behavior of their above-ground parasitoids in conjunction with
identification and measurement of herbivore-induced volatile compounds that are
involved in parasitoid attraction. This study suggested that the elevated levels of
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terpenoids may play a role in the defense response of turfgrasses to scarabaeid grubs and
that Kentucky bluegrass and tall fescue are better at signaling to Tiphia wasps compared
to grub-infested perennial ryegrass.
The findings of this study make significant contributions to understanding the
behavioral and chemical ecology of tiphiid parasitoids. The only study available on host
location by Tiphia wasps is Rogers & Potter (2002). In this study they have shown that
once in the soil, Tiphia spp. were able to follow the species-specific body odor trails and
frass to locate their below ground hosts. However, it is vital to understand how tiphiid
wasps locate patches of white grubs while they are flying. In this study, we showed for
the first time that female wasps of both T. vernalis and T. popilliavora were strongly
attracted to the volatiles emitted by grub-infested turfgrasses over healthy grasses of the
same species. Furthermore, our study revealed that both wasp species (T. vernalis and T.
popilliavora) responded similarly to turfgrass volatiles and were able to successfully
distinguish the grub-infested turfgrasses from the healthy plants. Further behavioral
studies using tiphiid wasps will help to better understand the role of specific herbivore
induced plant volatile compounds in the ecology of tiphiid parasitoids.
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CHAPTER 2
The influence of host species and location in the host detection ability of
tiphiid (Hymenoptera: Tiphiidae) parasitoids

Abstract
Tiphia vernalis Rohwer and T. popilliavora are ectoparasitoids of root-feeding
larvae of the Japanese beetle, Popillia japonica Newman, and oriental beetles, Anomala
orientalis (Coleoptera: Scarabaeidae). Little is known about the influence of host species
and location on the host detection ability of tiphiid wasps. In this study we examined the
response of female T. popilliavora wasps, a previously unstudied Tiphia species to
potential host stimuli using dual choice tests in an observation chamber filled with soil. T.
popilliavora wasps were able to successfully discriminate the trails containing body odor
or frass of P. japonica grubs from trails without cues. Frass trails of P. japonica grubs
elicited stronger responses than body odor trails. Thus, our findings suggests that once in
the soil T. popilliavora wasps find their hosts using contact kairomones present in grub
body odor trails and frass. We also examined the preference of host cues by tiphiid wasps
using dual choice behavioral assays. Neither T. vernalis nor T. popilliavora wasps
showed a statistically significant preference towards either trail when presented with a
choice between a trail containing cues of P. japonica or A. orientalis. In addition, we also
determined the detection of host cues by tiphiid wasps in a dual-choice test for cues
presented at varying soil depths. Wasps were able to successfully discriminate between
the Y-tube arms with and without cues when the cues of P. japonica were buried at a
depth of 2cm. In contrast both Tiphia species were unable distinguish between the Y-tube
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arms with and without cues when the cues were buried at a depth of 5cm. Our results
indicate that host-derived substances may travel only short distances through soil and
more often act as contact cues for host searching parasitoid wasps.
Keywords: Popillia japonica, Anomala orientalis, Tiphiidae, kairomones, cue preference

2 .1 Introduction
In the process of host location, parasitoids rely on cues arising from either the host or
the host’s food plant (Vet and Dicke 1992; Potting et al. 1999; Vinson 1976). The
sequence of foraging behaviors of parasitoids that attack soil dwelling hosts generally
start with host habitat location at some distance above ground using long range volatile
signals emitted by the host damaged plants (Goubert et al. 2013; Obeysekara and Legrand
2010). Following host habitat location, parasitoids are known to use host-related cues to
locate their hosts, including kairomones, the host themselves, and all their metabolic
waste which act as more reliable cues at a close range (Goubert et al. 2013; Rogers and
Potter 2002; Inoue and Endo 2008; van Leerdam et al. 1985; Ngi-Song and Overholt
1997; Mattiacci et al. 1999).
Tiphia vernalis Rohwer and Tiphia popilliavora Rohwer were introduced as
biocontrol agents against 3rd instar larvae of Japanese beetles (Popillia japonica) and
oriental beetles (Anomala orientalis). These parasitic wasps burrow into the soil and
search for grubs. When a host is found, the wasp paralyzes it momentarily and attaches
an egg in a location that is specific for that wasp species. White grubs tend to be patchily
distributed in turf (Dalthorp et al. 2000; Rogers and Potter 2002) and it seems unlikely
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that Tiphia females search randomly for such patches. In a previous study we evaluated
the responses of female T. vernalis and T. popilliavora to grub-infested and healthy
plants using Y-tube olfactometer bioassays (Obeysekara and Legrand 2010). Tiphia
wasps were strongly attracted to volatiles emitted by grub-infested tall fescue (Festuca
arundinacea Schreb) and Kentucky bluegrass (Poa pratensis L.) over healthy grasses
(Obeysekara and Legrand 2010). Moreover grub-infested Kentucky bluegrass and tall
fescue emitted higher levels of terpenes compared to healthy grasses of the same species
(Obeysekara and Legrand 2011). Taken together, these findings indicate that herbivoreinduced plant cues probably aid in host habitat location of female Tiphia wasps at some
distance above ground.
In addition to knowing how Tiphia locates hosts from afar, information on how
Tiphia locate hosts at close range is necessary. Unlike above ground parasitoids, below
ground parasitoids face additional difficulties locating their hosts in a subterranean
environment (Inoue and Endo 2008; Rogers and Potter 2002). First the soil properties
such as pore size, continuity of voids, as well as gradients in moisture and gas diffusion
could confuse the ability of host location by parasitoids at a close range (Rogers and
Potter 2002; Villani et al. 1999). The difficulty is further increased by limited mobility of
parasitoid insects in subterranean environments which make it more challenging for them
to search for hosts over a wide area. Little is known about how below ground parasitoids
locate their soil-dwelling herbivorous hosts once they are in the subterranean
environment. Rogers and Potter (2002) showed that, once in the soil, T. vernalis and T.
pygidialis locate their hosts using contact kairomones present in grub body odor trails and
frass. However, the host search behaviors of T. popilliavora have been poorly addressed
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in the literature. Moreover, it remains unknown whether tiphiid wasps can detect host
trails, including grub frass and body odor, at some distance, or whether they can perceive
trails only when in direct contact with them. In this work, we examined whether Tiphia
wasps can detect trails, including grub frass and body odor, at some distance in the soil.
Recent surveys indicated a wide distribution of T. vernalis (Ramoutar and Legrand
2007) and presence of T. popilliavora (Legrand 2009) in the state of Connecticut and the
collected wasps readily oviposited on P. japonica and A. orientalis larvae (Legrand
2009). Although many Tiphia species are host specific, only a few studies have shown
that some species may attack several congeneric species of white grubs (Jaynes and
Gardner 1924; Legrand 2009, Reading and Klein 2009). The field parasitism rate on
third-instar larvae of P. japonica and A. orientalis has been examined only for T.
vernalis, parasitizing on average 53% of P. japonica and up to 33% of A. orientalis in
some selected towns of Connecticut (Legrand 2009). In addition, recent field studies in
Ohio nurseries by Reding and Klein (2009) have been found that 60% and 31% of the
sampled P. japonica and A. orientalis populations, respectively, were parasitized by
T. vernalis. Little is known about the factors involved in differential parasitism rates
between the two co-occuring scarab host species. The chemical cues such as kairomones
and frass arising from each host species could influence the host searching behavior of
Tiphia wasps which could eventually play a role in differential parasitism rates between
the two host species. In a recent study, Rogers and Potter (2002) showed the ability of T.
vernalis to discriminate between chemical cues, including body odor trails and frass, of
host species (P. japonica) from non-host species (Cyclocephala spp.). In addition, several
studies have shown that host kairomones play a role in differential attraction and
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subsequently increased parasitism in situations where more than one potential host is
available. Chuche et al. (2006) showed that the parasitoid Diabrachys cavus was able to
distinguish frass from its potential host species and was strongly attracted to the frass of
Sphinx lagustri as compared to grape berry moths, Lobesia botrana and Eupoecilia
ambiguella. Moreover, the larval parasitoid Cotesia rubecula was observed to prefer cues
from feces of it’s preferred host, the second instar cabbage white butterfly, Pieris rapae
over those of an inferior host, large cabbage white butterfly Pieris brassicae
(Agelopoulos et al. 1995). However it is not known whether tiphiid wasps show a
preference towards chemical cues of one host species over another.
The objectives of this study were to 1) determine the cues used by T. popilliavora to
locate third instar grubs of P. japonica while in the soil, 2) determine if T. vernalis and
T. popilliavora exhibit a preference for cues of P. japonica over those of A. orientalis,
and 3) examine whether T. vernalis and T. popilliavora wasps can detect trails, including
grub frass and body odor, at some distance in the soil. The eventual goal of this study is
to improve our understanding of tiphiid wasp behavior as it relates to the sequence of
foraging behaviors and host preference.

2.2 Materials and Methods
2.2.1 Collection and handling of wasps and grubs
T. vernalis and T. popilliavora were collected from turf areas at the University of
Connecticut Depot campus in Storrs, CT. T. vernalis were collected during late May by
spraying 10% sugar water solution to the foliage of trees bordering areas of turfgrass. T.
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popilliavora were collected during August to early September from wild carrot flowers
(Daucus carota). The wasps were separated by gender, and females were placed
individually into 118 ml plastic vials half filled with moist autoclaved soil. A piece of
cotton wool soaked in a 10% sugar water solution was placed on the surface of the soil as
a food source. Containers with wasps were placed at room temperature (22-24°C) and
light regime 14L:10D until use in experiments.
Third-instar P. japonica and A. orientalis grubs were collected from late April to
early May from stands of predominantly Kentucky bluegrass at the University of
Connecticut research farm. Grubs were held in plastic containers (29 mL) containing
autoclaved soil at room temperature (22-24ºC) until they were needed.

Observation chamber
A modification of methods described by Rogers and Potter (2002) was used to
examine the cues used in below-ground host searching behavior of T. popilliavora and
host cue preference of tiphiid wasps. An observation chamber was used to simulate
below-ground conditions and view the host location behaviors of the wasp while in the
soil. Two glass panes (bottom, 27 × 30 cm; top, 20 × 20 cm) were positioned horizontally
and separated by an outline of Qubitac sealant (Qubit Systems, Ontario, Canada). The
gap between the glass panes (~ 0.75 cm) was filled with autoclaved, moist sifted soil. A
10-cm long piece of flexible plastic tubing was inserted through a break in the sealant at
one end of the observation chamber to allow for introduction of wasps.
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2.2.2 Behavioral assays to determine cues used by T. popilliavora.
For each trial being scored, the top pane of glass was removed and a 0.5 cm wide Ytrail was made by dragging a piece of dental wick (2 cm long, 0.5 cm diam.) through the
soil at the point where the tube was inserted. The stem and arms of the Y-trail were 8 cm
long with stem-arms angle of 45°. The potential host-location cues were presented to
wasps in dual choice tests on opposite arms of the Y-trail. After the treatments were
prepared, the upper glass pane was replaced.
The behavioral assays were performed at 28 °C in near dark conditions using a red
light bulb (40W) positioned 0.3 m above the observation chamber. Female wasps were
then introduced individually into the tube leading to the chamber and were allowed to
enter the Y-trail. The behaviors of the wasp were scored as it burrowed through the loose
soil until it reached the treatment arms. Each wasp was observed for a maximum period
of 10 min. If the wasp walked to the end of one of the Y-trail arms, it was scored as a
choice. If the wasp did not reach the end of either arm within 10 min, it was scored as ‘no
response’. The observation chamber was cleaned and filled with clean soil after each
trial. The wasps were used only once in each set of comparisons.

Response to grub body odor trails
This set of trials was conducted to test the hypothesis that T. popilliavora uses hostspecific body odor trails to locate P. japonica grubs in the soil. A grub was dragged
through the soil to potentially leave a scent trail in one arm of the Y-trail, whereas the
other arm was left without cues. A dental wick was dragged through the soil in the arm
without cues in order to leave a physically similar, inert trail to host grub. In order to
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discount the potential vibrational cues made by host movements, a host grub was placed
at the end of both arms of the Y-trail. The choice tests were replicated 30 times using a
different wasp for each run. Data were analyzed by Chi-square goodness-of-fit test using
SAS 9.3 (SAS Institute, Cary, NC, USA).

Use of grub frass in host location
The potential use of grub frass in host location for T. popilliavora was tested under
this set of trails. Only one arm of the Y-trail was treated with host frass while the other
arm was left without frass. In this trial, about 30 pellets of frass from P. japonica were
sprinkled along the entire length of the arm to mimic the amount of frass Roger and
Potter (2002) observed around grubs feeding on turfgrass roots. This amount of frass was
used in the other choice experiments using frass. One additional test was carried out
based upon the results of frass versus empty trails to determine the relative strength of
wasps’ response to different host cues. For this choice test, wasps’ response to a grub
body odor trail versus a trail with frass was compared. Further, in order to discount the
potential vibrational cues made by host movements, a host grub was placed at the end of
both arms of the Y-trail for all the trials. The choice tests were replicated 30 times using a
different wasp for each run. Data were analyzed by Chi-square goodness-of-fit test using
SAS 9.3 (SAS Institute, Cary, NC, USA).
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2.2.3 Behavioral assays to determine if T. vernalis and T. popilliavora exhibit a
preference for cues of P. japonica versus those of A. orientalis.
The same observation chamber used to determine the cues used by T. popilliavora
was used for the preference experiments. In one arm, a P. japonica grub was dragged
through the soil to potentially leave a scent trail and the grub was then placed at the end
of the arm. In the opposite arm an A. orientalis grub was dragged through the soil and
placed at opposite end. After dragging the grubs along each arm, frass from each grub
species was then sprinkled along the appropriate arm. Then the wasps’ choice was scored
between body odor trails and frass of P. japonica versus A. orientalis. The choice tests
were replicated 40 times using a different wasp for each run.

2.2.4 Detection of host cues by T. vernalis and T. popilliavora at varying soil depths
Dual-choice tests were conducted to test whether or not T. vernalis and T.
popilliavora can respond to cues at varying distances. The soil including the cues was
buried at a depth of 0, 2, or 5 cm from the junction of the Y-tube, and wasps were tested
for successful discrimination of the arm containing cues. The Y-tube was made of
translucent glass (1.2 cm wide) and had a 6 cm stem and 12 cm arms extending at an
angle of 90° from the junction. The ends of the arms were covered with fine-mesh cloth
to prevent the soil in the tube from pouring out.
T. vernalis wasps’ response to direct cue contact was shown by Rogers and Potter
(2002). Therefore, the ability of T. vernalis to detect cues without direct contact, buried at
depths of 2 and 5cm (Figs. 12b. and 12c.) was examined whereas for T. popilliavora,
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cues buried at depths of 0 (direct cue contact), 2, and 5 cm (Figs. 12a., 12b., and 12c.)
were examined. Third-instar grubs of P. japonica and A. orientalis were reared separately
in 29 mL plastic cups filled with moist autoclaved soil mixed with 5 mg of Kentucky
bluegrass seeds. The soil from those cups was used as the source of cues (i.e. soil
containing frass, body odor and some other stimuli associated with host). The amount of
soil packed at each depth was 12.5g and the soil containing cues was then covered with
moist autoclaved soil up to the junction. Only the moist autoclaved soil (approx. 35.5g)
was used to pack the other arm of the tube. Each female wasp was tested by placing it on
the Y-tube stem entrance and scoring its choice between two arms. The soil (NRCS, 45B,
Woodbridge, fine sandy loam, pH 6.2, 57.2% sand, 31.4% silt, 11.4% clay, and 4.8%
organic matter) was collected from a field plot at the Plant Research and Education
Facility, University of Connecticut in Storrs, CT. Choice was determined as the wasp
reached 3 cm down one arm, irrespective of the depth at which the cues were placed.
Tests were conducted separately for soil cues obtained from P. japonica and A. orientalis
third-instar grubs. When the cues of either P. japonica or A. orientalis were buried at
depths of 2 cm and 5 cm, 35 and 20 wasps were tested respectively for both Tiphia
species. The choice experiments were replicated 20 times when cues of either A.
orientalis or P. japonica were burried at a depth of 0 cm for T. popilliavora wasps. A
total of 260 female tiphiid wasps were tested. Data were analyzed by Chi-square
goodness-of-fit test using SAS 9.3 (SAS Institute, Cary, NC, USA).
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Figure 12. Schematic diagram of choice tests with direct cue contact for T. popilliavora
and no direct cue contact for both T. vernalis and T. popilliavora. a. Cues buried at a
depth of 0 cm (i.e., from the junction of Y tube up to a depth of 3cm, tested only for T.
popilliavora) b. Cues buried at a depth of 2 cm (i. e., 2cm from the junction of Y tube up
a depth of 5 cm), c. Cues buried at a depth of 5cm (i. e., 5cm from the Junction of Y tube
up to a depth of 8cm).

2.3 Results
2.3.1 Behavioral assays for cues used by T. popilliavora.
When given the choice between a grub body odor trail versus a trail without cues,
female wasps of T. popilliavora showed a significant preference for the arm containing
body odor cues compared to the arm without cues (df = 1, χ2 = 16.13, p = < 0.0001, Fig.
2). When offered a choice between frass and an empty trail, wasps showed a strong
attraction to the trail containing frass (df = 1, χ2 = 19.2, p = < 0.0001, Fig. 13). Further,
wasps showed a significant preference for frass trails over body odor trails (df = 1, χ2 =
8.533, p = 0.004, Fig. 13), when given the choice between a body odor trail and frass.
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2.3.2 Behavioral assays to determine if T. vernalis and T. popilliavora exhibit a
preference for cues of P. japonica versus those of A. orientalis.
When presented with a choice between a trail containing body odor and frass of P.
japonica grubs or A. orientalis grubs, both T. vernalis and T. popilliavora wasps chose
the arm with P. japonica cues more often than the arm with A. orientalis cues. However,
neither Tiphia species showed a statistically significant preference for P. japonica cues.
(T. vernalis, df = 1, χ2 = 0.400, p = 0.527; T. popilliavora, df = 1, χ2 = 2.50, p = 0.114).

Figure 13. Response of T. popilliavora females in a Y- trail in soil filled observation
chamber to body odor and frass from P. japonica grubs * P < 0.05, ***P< 0.001.
2.3.3 Detection of host cues by T. vernalis and T. popilliavora at varying soil depths
The wasps’ responses to cues buried at different depths are shown in figures 14, 15,
and 16. The study showed that at a depth of 2 cm both T. vernalis and T. popilliavora
chose the arm filled with cues more often than the opposite arm without cues. When the
cues of 3rd instar P. japonica were buried at 2 cm depth, both Tiphia spp. showed a
significant preference for the arm with the cues T. vernalis, df = 1, χ2 = 8.53, P = 0.004,
T. popilliavora, df = 1, χ2 = 4.8, P = 0.028; Fig. 14a. & 15a). There was a trend for both
Tiphia species to choose the arm containing cues of A. orientalis buried at depth of 2cm
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more often than the control. However, females of neither Tiphia species showed
show a
statistically significant preference for the arm with A. orientalis cues buried at depth of
2cm (T. vernalis, df = 1, χ2 = 3.33, P = 0.067, T. popilliavora, df = 1, χ2 = 2.31, P =
0.128).
). When the cues were buried at 5cm, neither T. vernalis (for P. japonica cues, df =
1, χ2 = 0.20, P = 0.654;; for A. orientalis cues, df = 1, χ2 = 0.80, P = 0.371)
0.371 nor T.
popilliavora (for P. japonica cues, df = 1, χ2 = 0.20, P = 0.655; for A. orientalis cues, df =
1, χ2 = 0.00, P = 1) showed
ed a preference for either arm with cues or without cues (Figs.
14b. & 15b.). At depth of 0 cm, T. popilliavora chose the arm containing
ontaining cues
significantly more often than the opposite arm (df = 1, χ2 = 9.80, P = 0.002,
0.002 for both
experiments, with P. japonica and A. orientalis cues; Fig. 16).

Figure 14. Response of female T. vernalis in a Y-tube
tube to (a) cues buried at a depth of
2cm, (b) cues buried at a depth of 5cm. **P < 0.05.
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Figure 15. Response of female T. popilliavora in a Y-tube
tube to (a) cues buried at a depth of
2cm, (b) cues buried at a depth of 5cm. *P < 0.05.

Figure 16. Response of female T. popilliavora in a Y- tube to direct cue contact.
*P < 0.05.

2.4 Discussion
Our results demonstrated that female T. popilliavora wasps were significantly
attracted to P. japonica body odor trails and frass compared to the empty trails without
host cues. At the junction of the ‘Y’ trail, as soon as the wasp made antennal contact with
the cues of host grubs, it advanced towards the trail with cues while antennating the
surrounding
unding soil. The wasps were observed to follow the trails up tto
o the point where the
trail ended and as soon as she found the host she would then begin intensive antennating
followed by stinging. Moreover, we observed that if the wasps burrowed away from the
th
trails, they would soon stop burrowing and antennate the surrounding soil. Upon
intensive antennating, if they were able to find the trails with cues, they would soon
resume following the trail. Rogers and Potter (2002) have observed a similar behavioral
pattern when T. vernalis and T. pygidialis were given the choice between body odor and
frass of their specific host species versus empty trails
trails. If the wasps are attracted to
volatiles emanating from the host grubs themselves,, vibrations created by grubs, CO2, or
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body heat they should have chosen trails with and without cues in an equal pattern since
we placed a live grub at the end of each trail. However, these experiments suggest that
only the body odor trails and frass of host grubs could elicit a strong response from the
wasps. Many species of larval/nymph parasitoids are known to be attracted to their hosts
by cues from kairomones and frass of that specific host species (Rogers and Potter 2002,
Inoue and Endo 2008, Cortesero et al. 1993, Cortesero and Monge 1994, Afsheen et al.
2008, Vinson et al. 1976).
Our results showed that the wasps’ choice was not significant towards either
treatment when given the choice between the body odor and frass of P.japonica versus A.
orientalis, However, the wasps’ response to buried soil cues versus clean soil
experiments showed that both T. vernalis and T. popilliavora were able to detect cues of
P. japonica significantly more often when cues were buried at a depth of 2cm whereas
wasps were unable to detect cues of A. orientalis at a depth of 2cm. Under natural
conditions, kairomones from P. japonica grubs might be stronger, eliciting more Tiphia
wasp attraction than that of A. orientalis grubs and subsequently result in higher
parasitism rate on P. japonica. A review of the literature by Afsheen et al. (2008)
reported that parasitoids that attack different suitable/potential hosts can show differential
attraction in response to kairomones from one of the host/host stage and be more attracted
to one host species than others. Studies done by Agelopoulos et al. (1995) have shown
that the oligophagous, gregarious parasitoid Cotesia rubecula was strongly attracted to
volatiles emitted by feces of second instar larvae of Pieris rapae (preferred host) as
compared to those of P. brassicae (inferior host).
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However, under laboratory conditions Tiphia wasps did not show a statistically
significant preference towards the cues of P. japonica and this may be due to the
following factors. First, wasps may be attracted to the plant-derived volatiles (Rogers and
Potter 2002; Auger et al. 1990, Agelopoulos and Keller 1994; Agelopoulos et al. 1995)
emanating from the grub frass, which could elicit similar response between the two host
species since they fed on the same food source (seeds and roots of Kentucky bluegrass)
while they were reared under laboratory conditions. Second, the wasps used for these
experiments were collected from the wild since they cannot be reared and it is unknown
how their previous exposure to kairomones might have affected their choice under
experimental conditions. In addition to host cue preference, differential field parasitism
rates by T. vernalis on grubs of P. japonica and A. orientalis may result due to several
other factors, including defensive responses of host grubs when they are being attacked
by tiphiid wasps, how the tiphiid wasps handle the two host species, and differences of
host innate immune responses between the two host species when they bear a tiphiid
egg/larvae. In a previous study on behavioral defenses of P. japonica and A. orientalis
grubs against tiphiid wasps, we found that the time spent on defensive behaviors by A.
orientalis grubs was significantly longer than that of P. japonica grubs (Obeysekara and
Legrand 2012). Thus the active host resistance gained through defensive behaviors by A.
orientalis grubs may prevent successful oviposition by tiphiid wasps and could make
them less susceptible to parasitoid attack.
The results from the choice experiments with cues buried at different depths showed
that both T. vernalis and T. popilliavora could detect the cues from P. japonica at a depth
of 2 cm. There was a trend for both Tiphia spp. to choose the arm with A. orientalis cues
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buried at 2 cm depth more often than the opposite arm without cues. However the wasps’
choice was not statistically significant for A. orientalis cues. Although both tiphiid wasps
were unable to distinguish between frass and body odor trails from P. japonica and A.
orientalis, when given a choice they chose cues of P. japonica buried at 2cm depth
significantly more often when no other cues were present. As we discussed before, this
may be due to the differential attraction of parasitoids in response to kairomones in
situations where more than one potential host is available. It is known that both
T. vernalis and T. popilliavora were primarily introduced as biocontrol agents against
P. japonica. Later when A. orientalis populations were increasing they were also known
to attack grubs of A. orientalis. Therefore it is possible that both Tiphia spp. are selective
in their preference for species-specific signals arising from body odor trails and frass of
P. japonica larvae over those of A. orientalis larvae. This may account for significant
attraction of tiphiid wasps to the cues arising from P. japonica larvae at a depth of 2 cm.
Neither Tiphia wasp species could respond to cues buried at a depth of 5cm. When
the cues were buried from a depth of 5cm to 8cm, wasps were observed to dig the soil
randomly without orientating in any particular direction as soon as it was introduced into
the base of the ‘Y’ tube. These results suggest that the distance from which tiphiid wasps
can detect their hosts by relying on host cues is relatively short. Similar study done by
Inoue and Endo (2006) reported that when the cues of scrabaeid beetle, Anomala
rufocuprea were buried at a depth of 2cm, Scoliid parasitoid, Campsomeriella annulata
were only able to distinguish cues from no cues in their final choice. Moreover when the
cues were buried at a depth of 4cm, wasps were unable to respond. A possible
explanation for this inability may be that host-derived substances may travel only short
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distances through soil and more often act as contact cues for host searching parasitoid
wasps.
Some important factors that may influence host location of T. popilliavora, and host
cue preference of tiphiid wasps when they land on the ground, were examined in this
experiment. To our knowledge this is the first study to examine the use by T. popilliavora
of kairomones from host grubs to locate their hosts while in the soil. Also, we are aware
of no other study that examines the chemical cues of potential scarabaeid hosts that could
likely influence the differential parasitism of tiphiid wasps. Moreover, the wasps’ ability
to detect cues at some distance in the soil without direct cue contact was examined. Our
findings suggest that once on the ground, wasps might be able to detect cues only at short
distances rather than when they are buried deep in the soil.
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CHAPTER 3
Analysis of Tiphia parasitoids preovipositional behaviors and of their
scarab host defensive responses

Abstract
Tiphia vernalis Rohwer and Tiphia popilliavora Rohwer were introduced as
biocontrol agents against Japanese beetles (Popillia japonica Newman) and oriental
beetles (Anomala orientalis Waterhouse). Studies have shown that under field conditions,
T. vernalis parasitize Japanese beetles more often than oriental beetles. This study was
done to understand how tiphiid wasps handle the two different host species and the
influence of host defensive behaviors on the oviposition process of tiphiid wasps. The
preovipositional behaviors performed by Tiphia wasps included stinging, examining,
moving soil, kneading, host-feeding, and host scraping. The frequency, sequence, and
total time spent on each behavior before oviposition were scored and compared between
two host species. The sequence and frequency of preovipositional behaviors performed
by both Tiphia wasps did not show a difference between the two host species. However,
female T. vernalis spent a significantly longer time trying to sting oriental beetles than
Japanese beetles in order to paralyze them. The time T. popilliavora spent on prestinging
behaviors did not differ between Japanese and oriental beetles. The defensive behaviors
performed by Japanese and oriental beetle grubs included vigorous movements, rubbing
their abdomen or head against the wasp’s abdomen, and biting at the attacking wasp. The
frequency and total time spent on each defensive behavior was scored and compared
between two host species. Overwintered, third instar oriental beetle grubs spent
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significantly longer time on defensive behaviors when they were attacked by T. vernalis,
which likely cause wasps to spend a longer time trying to sting oriental beetle grubs. The
active host resistance gained through behavioral defenses could make oriental beetle
grubs less susceptible to T. vernalis attack than Japanese beetle grubs, especially under
field conditions. Younger grubs attacked by T. popilliavora did not exhibit these
differences.
Keywords: Tiphiid wasps, Popillia japonica, Anomala orientalis, Scarabaeidae

3 .1 Introduction
Two important scarab beetle species, the Japanese beetle (Popillia japonica
Newman) and oriental beetle (Anomala orientalis Waterhouse) are considered invasive
species and have been reported as key pests of urban landscapes and of various other
agricultural settings in the Northeastern United States (US) (Vittum et al. 1999;
Koppenhӧfer and Fuzy 2008). The larvae of Japanese beetles primarily feed on the roots
of a wide variety of plants, including all cool season grasses and most weeds that are
commonly found in turfgrass sites. The root-feeding larvae of oriental beetles are a major
pest of blueberries, ornamental nurseries, and turfgrass. During the late 1920s and early
1930s, the US Department of Agriculture (USDA) introduced several parasitoid wasp
species in order to control the outbreak of Japanese beetles (Ramoutar and Legrand
2007). Of these, two species of tiphiid wasps, Tiphia vernalis Rohwer and Tiphia
popilliavora Rohwer, were successfully established as biocontrol agents against Japanese
beetle grubs (Ramoutar and Legrand 2007). T. vernalis and T. popilliavora are also
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parasitoids of oriental beetles. T. vernalis attack overwintered third-instar larvae of
Japanese and oriental beetles (Rogers and Potter 2002, Legrand 2009) while
T. popilliavora attack young third-instar and late second instar larvae of Japanese and
oriental beetles (Clausen and King 1927). Adult T. vernalis are active from the first week
of May to the beginning of June with a peak around the last week of May, whereas adults
of T. popilliavora emerge in August and early September (Ramoutar and Legrand 2007;
Legrand 2009). Female Tiphia wasps, burrow into the soil and locate soil-dwelling larval
hosts using species-specific kairomones present in grub body odor trails and frass
(Rogers and Potter 2002; Obeysekara and Legrand 2011). When a host is found, the wasp
paralyzes it momentarily and attaches an egg in a location that is specific for the wasp
species (Clausen and King 1927).
Recent surveys in the US indicated a wide distribution of T. vernalis (Ramoutar
and Legrand 2007) and presence of T. popilliavora (Legrand 2009) in Connecticut and
other Northeastern states such as Massachusetts and New Hampshire (Legrand 2012).
Although many Tiphia species are host specific, a few studies have shown that some
species may attack several co-occuring species of white grubs (Jaynes and Gardner 1924;
Legrand 2009; Reading and Klein 2009). The field parasitism rate on third-instar larvae
of P. japonica and A. orientalis has been examined only for T. vernalis, parasitizing on
average 53% of P. japonica and up to 33% of A. orientalis in some selected towns of
Connecticut (Legrand 2009). In addition, recent field studies in Ohio nurseries by
Reading and Klein (2009) found that 60% and 31% of the sampled P. japonica and
A. orientalis populations, respectively, were parasitized by T. vernalis. Little is known
about how tiphiid wasps handle different co-occuring scarab hosts nor about factors
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involved in differential parasitism rates. The present work was motivated by the notion
that the Tiphia parasitism rate difference between co-occuring scarab hosts could result
from handling time differences before oviposition by the wasp and host defenses that can
influence the host acceptance of parasitoids.
The behavioral events leading to oviposition by parasitic wasps play an important
role in the effectiveness of insect parasitoids as biological control agents. Previous
studies dealing with the oviposition process of tiphiid wasps include a comprehensive
account on preovipositional behaviors of T. vernalis and T. pygidialis on white grubs by
Rogers and Potter (2004) and a report on the oviposition behavior of T. popilliavora on
P. japonica by Clausen and King (1927). Once a host is located tiphiid wasps were
observed to perform a sequence of behaviors including host examination, moving soil
around the host, host kneading, host feeding and host scraping (Clausen and King 1927;
Rogers and Potter 2004). No recent studies have examined the preovipositional behaviors
of T. popilliavora. It is possible that Tiphia females would perform these preovipositional
behaviors in a different sequence, frequency and duration when they attack the two host
species, A. orientalis and P. japonica.
The host acceptance of tiphiid wasps has not been addressed in the literature. Host
acceptance is the process whereby the host is detected and utilized by the parasitoid and
can be influenced by several host-related factors including shape, size, movement, sound,
and chemical cues (Vinson 1976; Harvey and Thompson 1995). Both third-instar P.
japonica and A. orientalis grubs are almost equal in shape and size (Vittum et al. 1999).
This suggests that the host acceptance is probably not attributable to the size or the shape
of grubs. Moreover, when offered a choice between grub body odor trails and frass from
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P. japonica and A. orientalis, female Tiphia wasps’ responses to cues were not
significantly different between the two host species (Obeysekara and Legrand, unpubl.).
Several studies have shown that after contact, many hosts defend themselves by biting,
writhing, thrashing, regurgitating fluids aimed at the parasitoid, crawling, burrowing, and
flicking and rearing the head or abdomen (Gross 1993; Godfray 1994; Harvey and
Thompson 1995). P. japonica grubs were observed to perform aggressive and evasive
behaviors such as brushing with the legs and rubbing with the abrasive raster in response
to attack by entomopathogenic nematodes (Gaugler et al. 1994). Also, Rogers and Potter
(2004) reported that P. japonica grubs show defensive behaviors in response to attacking
T. vernalis such as rubbing their abdomen against the wasp’s abdomen, biting at the
attacking wasp, and burrowing away with initial contact with the wasps’ antennae.
Furthermore, observations had indicated that A. orientalis tend to be more defensive than
P. japonica (Legrand, Pers. Obs.). Taken together, these findings indicate that the
defensive behaviors of P. japonica and A. orientalis grubs in response to parasitoid attack
may vary and could affect parasitism success of Tiphia wasps. Therefore, identification
of host defensive strategies that could influence parasitism success may aid in explaining
some of the variability in field parasitism rates (Georgis and Gaugler 1991).
The effective use of tiphiid wasps in biological control programs for scarab pests is
contingent on understanding how the wasps and their target hosts interact within the grass
habitat. There are continuing efforts to find new species of Tiphia in their native range
and also to redistribute T. vernalis to areas of U. S. (e.g., Michigan, Wisconsin) into
which P. japonica recently has spread (Rogers 2003; Smitley 2002). Future efforts using
Tiphia wasps for P. japonica and A. orientalis management require understanding the
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interactions between tiphiid wasps and their target hosts. To our knowledge, no empirical
study has examined the behavioral defenses of scarabaeid grubs against attacking tiphiid
wasps and the possible effects of those behaviors on parasitism success. Therefore the
aims of this study were: 1) to examine the oviposition process of
T. popilliavora on P. japonica and A.orientalis based upon videotaped oviposition events,
2) to determine whether the sequence, duration, and frequency of preovipositional
behaviors of T. vernalis and T. popilliavora vary when the wasps attack P. japonica
versus A. orientalis, and 3) to determine whether the duration and frequency of defensive
behaviors of P. japonica and A. orientalis vary when they are attacked by T.vernalis and
T. popilliavora.

3.2 Materials and Methods
3.2.1 Collection and handling of wasps and grubs
T. vernalis and T. popilliavora were collected from turf areas at University of
Connecticut Depot campus. T. vernalis were collected during late May 2012, by spraying
10% sugar water solution to the foliage of trees bordering areas of turfgrass.
T. popilliavora were collected during August to early September 2012, from wild carrot
(Daucus carota) flowers. The wasps were separated by gender, and females were placed
individually into 118 ml plastic vials half filled with moist autoclaved soil. A piece of
cotton wool soaked in a 10% sugar water solution was placed on the surface of the soil as
a food source. Containers with wasps were placed at room temperature (22-24°C) and
light regime 14L:10D until use in experiments.
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Overwintered, third instar P. japonica and A. orientalis grubs were collected from late
April to early May 2012, for experiments involving T. vernalis. Late second and early
third instars of P. japonica and A. orientalis were collected in August 2012, for
T. popilliavora experiments. All grubs were collected from stands of predominantly
Kentucky bluegrass at the University of Connecticut research farm. Grubs were held in
plastic containers (29 mL) containing autoclaved soil at room temperature (22-24ºC) until
they were needed.
3.2.2 Observation chamber
An observation chamber was used to simulate below-ground conditions for viewing
the preovipositional behaviors of the wasp while in the soil. The observation chamber
was constructed using modifications of the method described by Rogers and Potter
(2004). Two panes of glass (bottom, 27 × 30 cm; top, 20 × 20 cm), positioned
horizontally, were separated by an outline of modeling clay. The gap between the glass
panes (~ 0.75 cm) was filled with autoclaved, moist sifted soil. A 10-cm long piece of
flexible plastic tubing was inserted through a break in the modeling clay at one end of the
observation chamber to allow for introduction of wasps. A color video camera (Panasonic
WV– CP504) was used to record each behavioral event performed by the wasps and the
grubs. Previous study on preovipositional behaviors of T. vernalis, and preliminary
observations on T. popilliavora, showed that the oviposition process is lengthy, requiring
on average 4 hrs. Therefore, the behaviors of each wasp were recorded over a maximum
time of 4hrs. If the wasp did not oviposit within 4hrs, it was removed from the chamber
and was not used for any other experiment. The camera was positioned 0.3 m above the
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observation chamber and the recordings were made under low-light conditions with only
a red bulb (40 W) as a light source. All experiments were conducted at 22–24°C and 50–
60% r.h. The soil in the chamber was changed after each observation.
3.2.3 Preovipositional behaviors of tiphiid wasps
For each oviposition event recorded, a host grub and a wasp were introduced to the
soil-filled observation chamber. Later the recordings were played back for scoring and
analysis. Sequence, frequency, and duration of behaviors before oviposition were scored
and analyzed using the ‘Noldus Observer ® XT (version 10.5)’ behavior recording
software. Ten T. popilliavora females and 10 T. vernalis females were observed
ovipositing on each of ten P. japonica and on ten A. orientalis grubs. All wasps and grubs
were used only once. Before the data were analyzed the underlying assumptions in
parametric tests, such as independence, normal distributions, and equal variances were
checked in order to determine whether the assumptions were violated or not. Frequency
and duration of each behavior performed by tiphiid wasps ovipositing on P. japonica and
A. orientalis showed independence of treatment errors and homogeneous variances.
However, the data were not normally distributed for duration of each behavior performed
by tiphiid wasps. Thus the duration data of tiphiid wasps ovipositing on P. japonica and
A. orientalis was compared through a non-parametric test (Mann-Whitney U test
(Wilcoxon rank sum test)) which does not require a normal distribution and is analogous
to a parametric non-paired t-test, using SAS 9.3 (SAS Institute, Cary, NC, USA). The
data were normally distributed for frequency of each preovipositional behaviors
performed by tiphiid wasps ovipositiong on each species of scarab grubs. Thus the
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frequency of preovipositional behaviors performed by tiphiid wasps on each host species
was compared with a two-sample t-test using SAS 9.3.
3.2.4 Sequence of preovipositional behaviors
The sequence of preovipositional behaviors of Tiphia wasps on P. japonica and A.
orientalis was developed based on lag-sequential analysis using the Observer® XT
software. Lag-sequential analysis begins by designating one behavior as the ‘criterion’
behavior and another behavior as a ‘target’ behavior by the observer. This procedure can
be repeated as many times as there are behaviors, so that each behavior can serve as a
criterion behavior. A results matrix can be obtained from Noldus observer® XT software.
In the matrix each row represents a criterion behavior and each column a target behavior.
Each row shows the conditional probabilities for the particular target behavior
immediately following the criterion behavior. Peaks of the probabilities indicates the
sequential positions following the criterion at which a target behavior is more likely to
occur, whereas low values indicate positions at which it is less likely to occur (Lehner
1996; The Observer® XT 2011).
3.2.5 Defensive behaviors of scarabeid grubs
For each trial recorded, a host grub and a wasp were introduced into the soil-filled
observation chamber. The frequency and duration of defensive behaviors of P. japonica
and A. orientalis upon attack by tiphiid wasps were scored and analyzed using the
Observer® XT software. Ten P. japonica grubs and ten A. orientalis grubs were observed
before they were stung by each of ten T. vernalis and ten T. popilliavora wasps. A total of
10 T. vernalis and 10 T. popilliavora were observed from the point of introduction to
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stinging. A different grub and a wasp were used for each trial. The duration and
frequency data of each defensive behavior performed by P. japonica and A. orientalis
grubs upon attack by T. vernalis and T. popilliavora showed independence of treatment
errors and homogeneous variances. However the duration and frequency data of
defensive behavior performed by P. japonica and A. orientalis were not normally
distributed. Therefore the duration and frequency data of each defensive behavior
performed by P. japonica and A. orientalis upon attack by T. vernalis and T. popilliavora
were compared with a non-parametric test (Mann-Whitney U test (Wilcoxon rank sum
test)), using SAS 9.3 (SAS Institute, Cary, NC, USA).

3.3. Results
3.3.1 Preovipositional behaviors of T. popilliavora.
Female wasps of T. popilliavora performed a set of prestinging behaviors in addition
to six distinct preovipositional behaviors when they attack both P. japonica and A.
orientalis third-instar larvae. Prestinging behaviors are followed by these preovipositional
behaviors: stinging, examining, moving soil, host-kneading, host-feeding, and host
scraping (Fig. 17).
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Figure 17. Behaviors performed by T. popilliavora ovipositing on P. japonica. (A) Host
stinging. (B) Host examining. (C) Host kneading using it’s mandibles. (D) Host scraping.

Prestinging behaviors. Pre-stinging behaviors include the behaviors wasps performed
from the initial physical contact of the host grub to stinging. Before the grub is stung by
the wasp, the wasp was observed spending prolonged periods of time performing several
behaviors including antennating while walking, antennating while staying still,
burrowing, encounter-advancing, and encounter-retreating. The wasp quickly settles
down after being introduced into the soil-filled observation chamber and then it was
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observed to follow the trails of the grub. Upon reaching the scent trails of grubs, the wasp
begins to burrow slowly, continuously antennating the soil until it reaches the end of the
trail. If the wasp finds the host at the end of the scent trail, it then begins to antennate and
then approaches it either from the rear end or the front end. If the wasp approached from
the rear end, it was observed to advance over the dorsum of the grub to attack it.
However, if the wasp approached from the anterior region, it was often observed to
retreat due to the continuous biting response of the grub against the advancing wasp.
When this occurred, she would quickly quit attacking and was observed to burrow away
from the host or stay still for a couple of minutes. The wasp would then begin an
intensive antennation of the surrounding soil and once the scent was found again, it
would resume following the trail and attacking the host. The behaviors performed by the
wasp before it stung the host may last for prolonged periods of time.
Preovipositional behaviors. The following behaviors were observed prior to oviposition.
Stinging. As soon as the wasp makes antennal contact with the host, it advances onto the
region of the grub’s thorax, and then wraps her abdomen around the ventral-side of the
body. Then it inserts the stinger in the area of the thoracic ganglia usually between the
first and second segments resulting in temporary paralysis of the host (Fig. 17A). This
stinging behavior was repeated for up to five separate stinging acts, each directed at the
first and second segments of the thorax.
Examining. Upon stinging, the wasp was observed examining the host by walking in
circles over and around the grub while antennating it and the surrounding soil (Fig. 17B).
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Moving soil. Wasps were observed moving soil away from the grubs to facilitate the
orientation of the grub during the process of oviposition. Wasps use their forelegs to dig
the soil from around the grub and push soil away with the abdomen.
Kneading. The wasp firmly grasps each body segment of the grub using its mandibles
(Fig. 17C). This starts at the mid-abdominal region of the grub, with the wasp working its
way to the posterior region and then back to the host’s head. Upon kneading the segments
with the mandibles, the wasp uses her abdomen to push against the segment that she
recently kneaded. After several bouts of kneading the wasp moves the grub into a Cshape position.
Host Feeding. The wasps were observed to feed on the paralyzed grubs dorsally on the
area of the grub’s thorax near the head capsule. They use their mouthparts to pierce the
grub’s body and imbibe the hemolymph exuding from the wound.
Host scraping. During the oviposition process, scraping occurs just before the
oviposition. The wasp coils itself transversely around the body in the mid-abdominal
region and the sheath of the ovipositor is applied to the crease between the fifth and sixth
abdominal segments and worked back and forth (Figs. 17D). During the entire scraping
process, the mandibles of the wasp remain attached and firmly fastened at the lateral
margin. Wasps were observed to perform scraping only once followed by repeated bouts
of the rest of the behaviors.
3.3.2 Sequence of preovipositional behaviors of tiphiid wasps
The sequence of preovipositional behaviors by T. popilliavora and T. vernalis on
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P. japonica and A. orientalis, including the conditional probabilities of behavioral
transitions, is shown in Figs. 18 and 19. Regardless of the host species being attacked,
after stinging both T. vernalis and T. popilliavora transitioned either to host examination
or host kneading. If the host was first examined, both Tiphia wasps then began to move
the soil from and around the grub, followed by periods of host kneading. Both species
usually transitioned from host-kneading to host feeding behavior or stung the host again.
After performing repeated bouts of stinging, examining, moving soil, host feeding, and
host kneading behaviors, both wasps species were observed to scrape the hosts’ cuticle
where the egg was then laid. The sequence of preovipositional behaviors of T. vernalis
and T. popilliavora did not show a difference when they attack either P. japonica or A.
orientalis grubs.
3.3.3 Frequency and duration of preovipositional behaviors of T. popilliavora
There was a trend for T. popilliavora to perform all six behaviors more often on A.
orientalis than on P. japonica (Fig. 20). However, there was no significant difference
between the two host species on total number of acts for stinging (Fig. 20, t tests; df =18,
t = 1.01, P = 0.327), examining ( df =18, t = 0.69, P = 0.209), moving soil (df =18, t =
1.88, P = 0.076), kneading (df =18, t = 1.86, P = 0.079), and host-feeding (df =18, t =
1.99, P = 0.062). T. popilliavora spent significantly longer time stinging A. orientalis
compared to P. japonica (Fig. 21, Mann Whitney U test; df = 1, χ2 = 5.674, P = 0.017). In
contrast, wasps spent significantly more time scraping P. japonica than A. orientalis (df =
1, χ2 = 6.606, P = 0.010). There was no difference between the two host species in total
duration of prestinging behaviors (df = 1, χ2 = 0.000, P = 1.000), host examining (df = 1,
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χ2 = 1.288, P = 0.257), moving soil (df = 1, χ2 = 0.051, P = 0.821, and kneading (df = 1,
χ2 = 0.366, P = 0.545). The total time the wasp spent on each host species was not
significantly different (df = 1, χ2 = 0.051, P = 0.820).
3.3.3 Frequency and duration of preovipositional behaviors of T. vernalis
There was no difference in the number of stinging acts (Fig. 22, t tests; df =18, t =
0.530, P = 0.599), number of times grubs were examined (df =18, t = 0.10, P =0.924), or
times moving soil around the grub (df = 18, t = 0.650, P = 0.522) between P. japonica
and A. orientalis. There was also no difference between the two host species in the
frequency of kneading (df = 18, t = 0.370, P = 0.714) or host-feeding (df = 18, t = 1.170,
P = 0.256). T. vernalis spent longer time on prestinging behaviors (i.e., trying to sting) A.
orientalis than P. japonica (Figure 23, Mann Whitney U test; df = 1, χ2 = 4.166, P =
0.002). In contrast, wasps spent significantly more time feeding on P. japonica than on A.
orientalis (df = 1, χ2 = 4.809, P = 0.028). However there was no significant difference
between two host species in total duration of stinging (df = 1, χ2 = 3.571, P = 0.063),
moving soil (df = 1, χ2 = 0.001, P = 0.969), host examining (df = 1, χ2 = 1.042, P =
0.307), kneading (df = 1, χ2 = 0.173, P = 0.678), and host scraping (df = 1, χ2 = 0.571, P
= 0.449). Further, the total time the wasp spent on each host species from the point initial
physical contact to oviposition was not significantly different (df = 1, χ2 = 0.571, P =
0.449).
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3.3.5 Defensive behaviors of P. japonica and A. orientalis
When the wasp’s antennae made initial contact with a grub, the grub often responded
by twisting and turning with quick writhing movements and attempting to burrow away.
The defensive behaviors performed by P. japonica and A. orientalis in response to initial
contact by the wasp and up to the point when the grub was stung by the wasp were
broadly divided into three categories. These defensive behaviors included: vigorous
movements, rubbing their abdomen or head against the wasp’s abdomen, and biting at the
attacking wasp.
Vigorous movements. With the initial contact with the wasps’ antennae both P. japonica
and A. orientalis grubs were observed to twist and turn with quick writhing movements.
As soon as the wasp advanced onto the grub, the grub crawled rapidly and burrowed
away from the wasp.
Biting. Both P. japonica and A. orientalis larvae were observed to lift their head toward
the wasp and open their mandibles. Each biting event was very brief and lasted less than
a second.
Rubbing the abdomen or head against the wasp’s abdomen. Grubs were observed to
rub their head or abdomen against the wasp’s abdomen as soon as the wasp inserted the
stinger in the area of thoracic ganglia usually between first and second segments of the
grub’s thorax.
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3.3.6 Frequency and duration of defensive behaviors when attacked by T. popilliavora
There was no difference in the number of vigorous movements (Fig. 24, Mann
Whitney U test; df = 1, χ2 = 0.095, P = 0.758), number of biting events (df = 1, χ2 =
0.294, P = 0.588), or number of rubbing acts (df = 1, χ2 = 0.079, P = 0.778) between the
grub species. There was also no significant difference between the two grub species in
their total duration of vigorous movements and rubbing acts (Fig. 25, df = 1, χ2 = 0.091,
P = 0.762, df = 1, χ2 = 0.366, P = 0.545) when they were attacked by T. popilliavora.
3.3.7 Frequency and duration of defensive behaviors when attacked by T. vernalis
Vigorous movements were performed more often by A. orientalis than P. japonica.
(Fig. 26, Mann Whitney U test; df = 1, χ2 = 4.680, P = 0.031). Of the three defensive
behaviors, A. orientalis grubs spent significantly more time on vigorous movements than
P. japonica (Fig. 27, df = 1, χ2 = 8.898, P = 0.003) and consequently also spent a
significantly longer time on defensive behaviors than P. japonica. (df = 1, χ2 = 6.750, P =
0.009). There was no difference in the number of biting acts (df = 1, χ2 = 0.534, P =
0.465), and number of times grubs rubbed their head or abdomen against wasp’s
abdomen (df = 1, χ2 = 0.153, P = 0.696).
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Figure 18. Flow charts of the behavioral activities of T. popilliavora ovipositing on P.
japonica (upper chart) and on A. orientalis (lower chart). Numbers associated with arrows
are the conditional probabilities of an indicated transition. PS, prestinging behaviors; S,
stinging; EXM, examining host; MS, moving soil around the host; KND, Kneading host;
HF, host feeding; SCR, scraping; OVP, oviposition.
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Figure 19. Flow charts of the behavioral activities of T. vernalis ovipositing on P.
japonica (upper chart) and on A. orientalis (lower chart). Numbers associated with
arrows are the conditional probabilities of an indicated transition. PS, prestinging
behaviors; S, stinging; EXM, examining host; MS, moving soil around the host; KND,
Kneading host; HF, host feeding; SCR, scraping; OVP, oviposition.
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Figure 20. Frequency of behaviors (mean ± SE) performed by T. popilliavora on A.
orientalis and P. japonica during each oviposition trial (n=10). JB, P. japonica; OB, A.
orientalis. For each behavior, means with the same letter do not differ significantly (twosample t test; P ≥ 0.05).
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Figure 21. Total time that T. popilliavora performed each behavior during the process of
oviposition. JB, P. japonica; OB, A. orientalis. (Mann- Whitney U test *** P < 0.05,
illustrating medians, 25th and, 75th percentiles).
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Figure 22. Frequency of behaviors (mean ± SE) performed by T. vernalis on A.
orientalis and P. japonica during each oviposition trial (n=10). JB, P. japonica; OB, A.
orientalis. For each behavior, means with the same letter do not differ significantly
(two-sample t test; P ≥ 0.05).
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Figure 23 Total time that T. vernalis performed each behavior during the process of
oviposition. JB, P. japonica; OB, A. orientalis. (Mann- Whitney U test *** P < 0.05,
illustrating medians, 25th and, 75th percentiles).

91

Figure 24. Frequency of behaviors performed by P. japonica and A. orientalis before
being stung by T. popilliavora. JB, P. japonica; OB, A. orientalis. (illustrating
medians, 25th and, 75th percentiles).

Figure 25. Total time that A. orientalis and P. japonica performed each defensive
behavior before being stung by T. popilliavora. JB, P. japonica; OB, A. orientalis.
(illustrating medians, 25th and, 75th percentiles).
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Figure 26. Frequency of behaviors performed by P. japonica and A. orientalis before
being stung by T. vernalis. JB, P. japonica; OB, A. orientalis. (Mann- Whitney U test
*** P < 0.05, illustrating medians, 25th and, 75th percentiles).

***

Figure 27. Total time that A. orientalis and P. japonica performed each defensive
behavior before being stung by T. vernalis. JB, P. japonica; OB, A. orientalis. (MannWhitney U test *** P < 0.05, illustrating medians, 25th and, 75th percentiles).
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3.4 Discussion
Preovipositional behaviors of T. popilliavora
Once the grub was stung by the wasp causing temporary paralysis, wasps were
observed to perform repeated bouts of host examination, moving soil, host kneading.
These behaviors were interrupted by repeated short events of stinging and host feeding.
The stinging behavior was repeated up to five times (Fig. 20), each directed at the first
and second segments of the thorax. Many other species of parasitoids sting in this
location in order to paralyze the host either temporarily or permanently (Steiner 1986;
Quicke 1997; Rogers and Potter 2004). Several studies have shown that paralysis caused
by stinging may serve to protect the parasitoid from the defensive responses from the
relatively larger host and facilitate long lasting oviposition events (Rogers and Potter
2004; Steiner 1986). Soon after stinging the host, the wasp was observed to examine the
host by walking in circles over and around the grub while antennating it and the
surrounding soil. Similar host examination behavior was observed in T. vernalis by
Rogers and Potter (2004). Brunson (1938) reported that T. popilliavora has the ability to
control the sex of its offspring. The eggs will develop into males when they are laid on
second instar P. japonica whereas they develop into females when the eggs are laid on
third-instars. Thus, host examination may help the parasitoid gauge the size of the host to
determine gender allocation at the time of oviposition. Other species of parasitoids have
been shown to determine host size in similar manner (Rogers and Potte; 2002, Sandlan
1979; Schmidt and Smith 1985).
Upon examining the host, wasps were observed to move the soil from and around the
grub. Under natural conditions the grubs of family Scarabaeidae are found in earthen
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cells, slightly larger than their body in the soil (Vittum et al. 1999). Adult females of
family Scarabaeidae form these earthen cells in moist soil to deposit their eggs (Vittum et
al. 1999). These earthen cells could provide rigid frames for wasps to handle and orient
the grub for subsequent preovipositional behaviors. However, under experimental
conditions, wasps would not find grubs in earthen cells. Therefore, moving soil may help
the wasps to create an earthen cell and facilitate the orientation of the grub during the
process of oviposition (Rogers and Potter 2004). During the process of oviposition wasps
were often observed to perform host kneading. Rogers and Potter (2004) reported that
repeated bouts of kneading by the wasp could make the grub become more flaccid and
easier to move in to position for oviposition. Moreover, similar to host examination, host
kneading could provide sensory information on the developmental stage of the host
(Rogers and Potter 2004, Luft 1996). Host feeding has been observed for many other
tiphiid parasitoids (Clausen and King 1927, Rogers and Potter 2004). Scraping is the
most time consuming preovipositional behavior and is done to enlarge the crevice
between fifth and sixth abdominal segments which is the specific oviposition site for this
species (Clausen and King 1927). Further, rasping by the roughened abdominal tip of the
wasp may help to wear away the integument of the host at the point of oviposition and
could facilitate easier initiation of feeding by the young larvae.

Sequence, frequency and duration of preovipositional behaviors of tiphiid wasps on
P. japonica versus A. orientalis
The sequence of preovipositional behaviors by T. vernalis and T. popilliavora on
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P. japonica and A. orientalis, including the conditional probabilities of behavioral
transitions, did not show a difference between the two host species (Figs. 18 and 19).
Rogers and Potter (2004) have reported similar sequence and conditional probabilities for
behavioral transitions for T. vernalis attacking P. japonica.
Host species on which parasitoids show faster host-handling times may have greater
parasitism rates than another host species where parasitoids show slower host handling
times. Therefore, the total duration of the whole oviposition process and of each
oviposition event of a given parasitoid species could influence the differential parasitism
rates on two co-occuring host species. Our results demonstrated that T. vernalis spent
significantly longer time trying to sting A. orientalis than P. japonica after it first contacts
the host. This information was not surprising because A. orientalis grubs spent longer
time on defensive behaviors which resulted in wasps spending longer time trying to sting
A. orientalis. The ability of the wasp to quickly sting the scarab host is important as it is
the only way to paralyze the host in order to carry out the remaining preoviposition
behaviors without a risk to the wasp. In this study the total host handling time of
T. vernalis included the time spent in prestinging and preoviposition behaviors. This total
time did not show a statistically significant difference between the two host species. We
believe this is a result of adding time periods for several behaviors that balance out the
differences observed during the prestinging period. Nevertheless, under natural
conditions the delayed stinging on A. orientalis could influence the ovipositional success
of Tiphia wasps. Such evasive host responses against parasitoid attack may impair the
ability of wasps to locate and parasitize A. orientalis grubs especially if wasps are injured
by the grub. For example Rogers and Potter (2002) have observed wasps losing parts of
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an antenna to defensive biting responses. In this study, the grubs were placed into soilfilled observation chambers where the wasps could re-encounter the grub in the small
arena even after retreating due to the grub defensive behaviors.
In addition to differences in prestinging behavior time frames, T. vernalis also
exhibited differences in host feeding times. T. vernalis spent significantly longer time
feeding on P. japonica than on A. orientalis. Host feeding provides proteins and other
nutrients for development of the eggs and for other metabolic needs of the adult female
(Rogers and Potter 2004; Quicke 1997). Since these parasitoids cannot be reared in the
laboratory, they must be collected from naturally occurring populations once the adults
emerge in the spring. Thus, the physiological state of the females was unknown but the
wasps were collected within a narrow time period and kept in mixed groups before use in
experiments. The longer time spent host-feeding could be attributed to a preference for a
particular host or an influence from the host on which the wasps developed.
The influence of the host species on Tiphia wasp behavior was also observed for
T. popilliavora. This wasp spent a longer time stinging A. orientalis than P. japonica due
to longer periods of vigorous movements performed by the grub. The longer injection of
paralyzing venom may assist in further muscle relaxation and could help the wasp to
move the grub to a favorable orientation for oviposition (Rogers and Potter 2004).
A. orientalis may also need longer periods of stinging to completely subdue it or to
overcome quicker dissipation of Tiphia venom than what occurs in P. japonica. In
contrast, T. popilliavora spent significantly more time scraping on P. japonica than
A. orientalis. Scraping using the ovipositor sheath and abdominal rasping may enlarge
and roughen the crease between fifth and sixth abdominal segments by wearing away the
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integument (Clausen and King 1927). No empirical studies have examined the textures of
integuments between different white grub species. If the integuments of P. japonica and
A. orientalis are texturally different, then it might explain why the duration of host
scraping by T. popilliavora varies between two host species. We did not observe
differences in the time spent in prestinging behaviors compared to those in T.vernalis.
The analysis of grub defensive behaviors explained below provides a likely reason for
this difference between the Tiphia species.

Grub defensive behaviors with response to parasitoid attack
Upon attack by T. popilliavora neither host species showed a statistically significant
difference in defensive behaviors. Unlike T. vernalis, T. popilliavora attacks early third
instar and late second instar grubs of P. japonica and A. orientalis during late summer
(Vittum et al. 1999). The younger grubs parasitized by T. popilliavora are relatively
smaller compared to the fully-grown overwintered third instar grubs attacked by
T.vernalis. Harvey and Thompson (1995) showed that host behavior in response to
antennal stimulation could vary with species and instar. Moreover, it has been shown that
parasitoid ovipositional success decreases with increased host size where larger hosts
tend to perform relatively violent defensive behaviors and gain aggressive resistance to
parasitoid attack compared to hosts of smaller size, e.g., early instars of the same species
(Allen 1990; Gerling et al. 1990; Harvey and Thompson 1995; Brodeur et al. 1996). Our
observations suggest that smaller and younger grubs being attacked by T. popilliavora
performed defensive behaviors less often and spent shorter periods of time on defensive
behaviors as compared to fully grown, overwintered third instar grubs.
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Our results show that when under attack by T. vernalis, A. orientalis grubs performed
vigorous movements more often and spent significantly more time on vigorous
movements than P. japonica. Vigorous movements are evasive behaviors that allow a
potential host to free itself from an attacking parasitoid or to remove itself from the
immediate area (Gross 1993). The active host resistance gained through vigorous
movements by A. orientalis may prevent successful oviposition by T. vernalis and could
make the grubs less susceptible to parasitoid attack. As indicated earlier, the impact of
these defensive behaviors is a delay in the ability of T. vernalis to paralyze the host grub
by stinging it. The most common short-term effects on parasitoids due to effective
defensive behaviors are a decrease in the proportion of oviposition attempts that succeed
and/or an increase in handling time (Gross 1993). The consequences of effective host
defense will contribute to a decrease in the rate of successful attack and weaken the
functional response (Gross 1993; de Farias and Hopper 1999; Walker and Hoy 2003;
Firlej et al., 2010). Therefore, based on the behavioral interactions between T. vernalis
and the two specific scarab host species, our study suggests that T. vernalis are better at
controlling populations of P. japonica than A. orientalis. This agrees with the recorded
field parasitism rates reported in the literature.
Classical biological control of a certain invasive pest may work with importation of a
single parasitoid species. In contrast, other invasive species remain pests despite
successful establishment of 10 or more imported parasitoid species (Gross 1993).
Behavioral defenses of hosts could greatly affect the success of parasitoids used in
classical biological control (Gross 1993). Importantly, several studies have shown that
host behavioral defenses may have also influenced the success of established parasitoid
99

species (Volker and Simpson 1975; Weseloh 1976; Rotheray and Barbosa 1984;
Williams et al., 1990; Gross 1993; Reed et al., 2007). The knowledge gained through
behavioral interactions between tiphiid wasps and their specific scarab hosts allows us to
better understand the effect of host species on the success of tiphiid wasps in regulating
two species of scarab hosts. Moreover, better understanding of the biology and behavioral
interactions between Tiphia wasps and their target hosts will assist in successful
introductions of T. vernalis and T. popilliavora to areas of the U.S into which P. japonica
and A. orientalis have recently spread. It is also known that parasitism rates of Tiphia
wasps were significantly higher in areas of higher P. japonica density (King and
Holloway 1930). By considering the behavioral defenses of scarab grubs that we have
observed in this study, wasp efficacy could be compromised when it is dealing with the
mixed populations of P. japonica and A. orientalis. Thus obtaining information on
densities of P. japonica and A. orientalis in a given area would help us better understand
the efficacy of Tiphia wasps in an area where they have been established and in areas
where they have not been found previously. This should be a factor to consider in natural
enemy introductions that involve multiple target pests. Threfore, biocontrol practitioners
should consider the behaviors of each target host species prior to the introduction of a
certain biocontrol agent. For example, in this study we have shown that two very similar
host species in the same family Scarabaeidae and found co-occuring in the same habitat
have different defensive behaviors that impact their interaction with Tiphia parasitoids.
Apart from all these findings there are many other factors that could influence
differential parasitism rates on co-occuring host species by a given parasitoid species. In
addition to behavioral defenses against parasitoids, hosts may also have different levels
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of immunological defenses or other mechanisms that kill the developing parasitoid eggs
and larvae (e.g. sequestration of host plant allelochemicals) (Gross 1993). Nevertheless,
some important factors that may influence Tiphia oviposition success in the field were
elucidated by this study. This is the first study that compares scarab grub defensive
responses against attacking parasitoids and the influence of these defensive responses on
Tiphia wasp behavior. Further studies will need to assess the effects of morphological
and physiological conditions (i.e. immune responses) of scarab host species on parasitism
success of Tiphia wasps.
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CHAPTER 4
Influence of turfgrass species on development and survival of oriental
beetle grubs and of their parasitoid, Tiphia popilliavora wasps
Abstract:

Oriental beetles, Anomala orientalis (Coleoptera: Scarabaeidae) are considered invasive
species and have been reported as key pest of urban landscapes in the Northeastern
United States. Although oriental beetle grubs cause severe damage to the roots of
turfgrasses, very little is known about how different species of cool season turfgrasses
could affect their development and survival. Therefore, we examined grub survival,
weight gain, and instar distribution of oriental beetles implanted as neonate first instars
and reared for 7 weeks in pots containing Kentucky bluegrass (Poa pratensis L.),
perennial ryegrass (Lolium perenne L.) and tall fescue (Festuca arundinacea Schreber).
In addition the effects of turfgrass endophytes on the survival, weight gain, and instar
distribution of A. orientalis grubs were examined. Perennial ryegrass and endophyte-free
tall fescue showed higher mean grub survival per pot, mean weight and mean number of
third instars compared to Kentucky bluegrass. Our findings revealed that endophyte
infection could reduce A. orientalis survival without affecting its weight gain. In the
second part of this study we examined the influence of host food plant on survival of
Tiphia popilliavora (Hymenoptera: Tiphidae) wasps, an ectoparasitoid on late second and
third-instar grubs of A. orientalis. Adult T. popilliavora wasps were allowed to parasitize
A. orientalis grubs that had been exposed to roots of different turfgrass species and the
survival T. popilliavora larvae was recorded for three weeks. The survival of wasp larvae
was significantly greater on A. orientalis grubs that had been feeding on the roots of
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endophyte-free tall fescue and perennial ryegrass compared to that of Kentucky
bluegrass. The survival of T. popilliavora larvae did not show a significant difference
between endophyte-infected and endophyte-free tall fescue. Our study suggests that
endophyte-free tall fescue and perennial ryegrass are more favorable food plants for
survival and development of A. orientalis grubs. Our findings also suggest that the plant
species on which the host grubs feed is an important factor in survival of tiphiid
parasitoids.
Keywords: Anomala orientalis, Tiphia, survival, development, Scarabaeidae

4 .1 Introduction
Several species of white grubs are the most widespread and damaging turfgrass insect
pests in the Northeast and along the eastern seaboard of the USA (Koppenhӧfer & Fuzy,
2008; Potter & Held, 2002; Vittum et al., 1999). Within the complex of white grubs,
oriental beetles (Anomala orientalis) have become a major pest in turfgrasses in New
Jersey, southern New York, Connecticut, and Rhode Island (Alm et al., 1999). Further,
oriental beetles are also considered as a key pest in blueberries and ornamental nurseries
(Polavarapu, 1996) and cause losses in cranberries, strawberries, raspberries and sweet
potato (Koppenhӧfer et al., 2005; Vittum et al., 1999). Adult oriental beetles feed
occasionally on flowers of roses, hollyhocks, petunias, phlox, and dahlias and are
considered a minor pest (Vittum et al., 1999).
Although oriental beetle grubs cause severe damage to the roots of turfgrasses
very little is known about how different species of cool season turfgrasses could affect
their development and survival (Vittum et al., 1999). In a previous study, Potter et al.,
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(1992) examined the suitability of six different cool season turfgrasses to root feeding
grubs of Japanese beetle (Popillia japonica Newman) and the southern masked chafer
(Cyclocephala lurida Bland). Of the six turfgrass species tested, hard fescue, Festuca
ovina var. duriscula L., endophyte free tall fescue (Festuca arundinacea Schreber), and
perennial ryegrass (Lolium perenne L.) were shown to be generally more favorable
turfgrass species as compared to creeping bentgrass, Agrostis palustris (Huds.), for
growth of C. lurida (Potter et al., 1992). In contrast first instar grubs of P. japonica
showed a relatively poor survival and weight gain when they were fed upon the roots of
Kentucky bluegrass (Poa pratensis L.) (Potter et al., 1992). In this present study, we
extended these past studies to analysis of the influence of different turfgrass species on
survival and development of the previously unstudied oriental beetle.
Among all other turfgrass species, tall fescue (Festuca arundinacea Schreber) is
generally considered as the most white grub tolerant turfgrass species (Potter 1998).
Endophytic fungi such as Acremonium and Neotyphodium/ Epichloë form mutualistic
associations with many cool season turfgrass species including tall fescues and perennial
ryegrass (Siegel et al., 1987; Bacon and De Battista, 1990). These endophytes live
intercellularly in leaf and stem tissues of their host plants and provide varying degrees of
resistance to a number of leaf, stem, and phloem feeding insects (Siegel et al., 1987;
Dahlman et al., 1991). The enhanced performance of endophyte-infected turfgrasses, i.e.,
enhanced insect and disease resistance, drought and summer stress tolerance, and
increased vigor of the host plants (Funk and White, 1997) is a result of a range of
secondary metabolites such as pyrrolizidine alkaloids, ergot alkaloids, and permine
produced by these symbiont endophytes (Bacon et al., 1979). It is well known that
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endophyte-infected turfrasses perform better than nonendophytic ones when they are
attacked by leaf, stem, and phloem feeding insects (Breen, 1994; Potter et al., 1992;
Koppenhӧfer et al., 2003). However, only a few studies have focused on the effect of
endophytes on root feeding insects. These secondary metabolites that cause aboveground
resistance may occur in small amounts in roots which could make roots of a given
turfgrass species resistant to root feeding insects (Siegel et al., 1987; Patterson et al.,
1991; Potter et al., 1992; Koppenhӧfer et al., 2003). In a previous study, Potter et al.
(1992) showed that the survival, weight gain, and development of first instars of Japanese
beetles (P. japonica) were low when they were fed upon the roots of endophyte-infected
tall fescue. Little is known about how the endophytes could affect the survival and
development of first instar larvae of A. orientalis.
Tiphia popilliavora Rohwer (summer Tiphia), was introduced as part of the biological
control effort against P. japonica. Adult T. popilliavora emerge in August and
September. Female summer Tiphia wasps burrow into the soil and search for grubs.
When a host is found, the wasp paralyzes it momentarily and attaches an egg in the
crease between the fifth and sixth abdominal segments (Clausen et al. 1927, Legrand
2009). The resulting parasitic larva feeds externally by piercing the grub’s integument
and imbibing host body fluids. The full-grown larva spins a silken cocoon and passes the
winter within the cocoon (Rogers and Potter 2002). T. popilliavora attacks both P.
japonica and A. orientalis grubs in older stages of development (second or third instars)
during late summer. Recent surveys indicated that T. popilliavora is present in
Connecticut and the collected wasps readily oviposited on P. japonica and A. orientalis
larvae (Legrand 2009).
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Host suitability is considered to be one of the major elements in the host selection
process of parasitoids as noted by Salt (1935), Doutt (1959), Vinson (1975), and others.
Host suitability was defined by Barbosa et al. (1982) as the degree to which the
environment within the host provides the requisites for successful development and
emergence of fertile adult parasitoids. Therefore, the nutritional quality of the host can
have profound effects on the development of a parasitoid (Brown 1984; Abrahamson and
Weis 1997; Hawkins 2005). Several studies have shown that the nutritional quality of the
host’s food can influence parasitoid growth and survival (House and Barlow 1961;
Muller 1983; DeMoras and Escher 1990; Stamp 2001). Individuals of a given host
species may vary depending on their diet quality and these differences could have
corresponding effects on their parasitoids (Barbosa et al., 1982). For instance, the
survival of parasitoid Microplitis croceipes (Cresson) was higher on Heliothis larvae fed
upon cotton than on beans or tomatoes (Muller 1983). High-quality plants may support
development of herbivores with high nutritional quality that ultimately support highquality parasitoids or predators (van Huis and de Rooy 1998; Nathan et al., 2006;
Shahayaraj and Sathiamoorthi 2002). Potter et al. (1992) have shown that the survival of
first instar larvae of P. japonica was significantly higher when they were fed upon the
roots of endophyte-free tall fescue, perennial ryegrass, and hard fescue as compared with
that of larvae that fed on the roots of Kentucky bluegrass. These survival differences
between turfgrass species may arise due to their inherent nutritional suitability for the
larvae. If that is the case then the development and survival of tiphiid wasps that
complete their development on P. japonica or A. orientalis grubs would show a similar
pattern of survival to that shown by the host species. The influence of host food plant on
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survival and development of tiphiid wasps is currently unknown. Therefore, given the
scarab grub’s differential survival on different species of cool season turfgrasses, we
hypothesized that the turfgrass species on which the A. orientalis grubs fed would have
an effect on the survival of T. popilliavora wasps. Moreover, given the previous
observations on the negative effects of endophytes on survival, weight gain and
development of first instar larvae of Japanese beetles, we hypothesized that the survival
of tiphiid wasps would vary when they were grown on A. orientalis grubs that have been
exposed to turfgrasses with endophytes versus those exposed to non-endophytic
turfgrasses.
To our knowledge, no empirical study has examined the influence of different
turfgrass species on survival and development of oriental beetles and how a given
turfgrass species could influence the survival of tiphiid wasps. Therefore the aims of this
study were: 1) to examine the survival, weight gain, and development of first instar larvae
of A. orientalis that had been exposed to different cool season turfgrasses; 2) to examine
whether the survival, development, weight gain of first instar A. orientalis larvae vary
when they were fed upon the endophyte-infected tall fescue versus tall fescue without
endophytes; and 3) to examine whether the turfgrass species on which the A. orientalis
larvae were fed upon could have an impact on the survival of T. popilliavora wasps.
Knowledge about the growth of scarabaeid grubs on different turfgrass species and how
their survival affects the survival of tiphiid wasps may allow insights into how the use of
particular turfgrass species affects the distribution and density of white grub and tiphiid
wasp populations in urban landscapes.
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4.2. Materials and Methods
4.2.1 Survival and development of first instar larvae of A. orientalis
Plant culture
Seeds of Kentucky bluegrass (Poa pratensis L.) cultivar ‘America’, tall fescue
(Festuca arundinacea Schreb) endophyte-infected and endophyte-free cultivar ‘Jesup’,
and perennial ryegrass (Lolium perenne L.) cultivar ‘Quebec’ were planted in regular
potting soil (Canadian sphagnum peat (50%), processed pine bark, perlite and
vermiculite) in 9 cm (diam.) x 9 cm (deep) plastic pots. Tall fescue had an endophyteinfected and endopyte-free line representing the same genetic stock. The presence and
percentage endophyte infection were lab diagnosed (Agrinostics LTD. Co., Watkinsville,
GA). Tall fescue seeds were infected with fungal endophyte Neotyphodium
coenophialum and the percent infection was 97.8%. Seeding rates were 40 g/m2 for both
endophyte-infected and endophyte-free tall fescue (recommended field seeding rate is 3049 g/m2), for perennial ryegrass 29 g/m2 (recommended field seeding rate is 24-34 g/m2),
and for Kentucky bluegrass 15 g/ m2 (recommended field seeding rate is 10-20 g/m2).
Twenty pots containing each turfgrass species were placed in a complete random design
in a growth chamber at 25oC, 70% relative humidity, and 16L:8D light:dark regime for 8
weeks. The light intensity for the plants was 25,000 lux (Sylvania F72T12/CW/VHO,
Fluorescent light bulbs) during the photophase. The plants were watered daily, and
fertilized with Miracle-Gro® fertilizer 100 ppm in aqueous solution twice a week as part
of the regular watering schedule. Fertilization started when plants were two weeks of old.
A.oreintalis Egg collection and rearing
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Adult A. orientalis were collected using light traps that were set in the field during
the night from mid June to July. The adults were kept in 14 L clear plastic boxes (36 x 27
x 17cm) filled with 10 cm of field-collected autoclaved, moist, and sifted soil. Fresh
apple pieces were added as a food source. Freshly laid eggs were collected every 2 days
and transferred to plastic containers (8 cm diameter) containing autoclaved, moist, and
sifted soil and held in room temperature (22-25 °C) for roughly three weeks until they
hatched. Four first instar grubs were introduced into each pot on July 24. There were
twenty replicates of each turfgrass species. The pots with first instar grubs were kept in a
growth chamber at 25oC, 70% relative humidity, and 16L:8D light:dark regime for an
additional 7 weeks. The light intensity for the plants was 25,000 lux (Sylvania
F72T12/CW/VHO, Fluorescent light bulbs) during the photophase. The potting soil was
then destructively sampled and the surviving grubs, now all second and third instars were
counted, sorted by instar, and individually weighed. Surviving grubs were held
individually in plastic containers (29 mL) containing the same turfgrass species in which
it was reared from first instar to later instar, under room temperature (22-24ºC) until they
were used in T. popilliavora survival experiments.
The mean survival, mean weight, and instar distribution of A. orientalis grubs fed
upon four types of turfgrasses were compared using analysis of variance (ANOVA)
followed by Tukey’s HSD test using SAS GLIMMIX procedure (SAS 9.3, SAS Institute,
Cary, NC, USA). .
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4.2.2 Survival of T. popilliavora wasps on A. orientalis grubs fed upon the roots of
different turfgrass species

Plant culture
In order to minimize the negative effects of weekly destructive sampling the
parasitized grubs were transferred individually into small containers with a given
turfgrass species. Seeds of Kentucky bluegrass cultivar ‘America’, tall fescue endophyteinfected and endophyte-free cultivar ‘Jesup’, and perennial ryegrass cultivar ‘Quebec’
were planted in autoclaved, moist, regular potting soil (Canadian sphagnum peat (50%),
processed pine bark, perlite and vermiculite) in 29 mL clear plastic containers. The same
seeding rate was used as described under 2.1.1 and the containers were placed in the
laboratory at room temperature (22-24°C) and light regime 14L:10D for 6 weeks until
use in the experiments. The plants were watered daily, and fertilized with Miracle-Gro®
fertilizer 100 ppm in aqueous solution twice a week as part of the regular watering
schedule. Fertilization started when plants were two weeks old.

Wasp collection and handling
T. popilliavora were collected during August to early September from wild carrot
(Daucus carota ) flowers. The wasps were separated by gender, and females were placed
individually into 118 ml plastic vials half filled with moist autoclaved soil. A piece of
cotton wool soaked in a 10% sugar water solution was placed on the surface of the soil as
a food source. Containers with wasps were placed at room temperature (22-24°C) and
light regime 14L:10D until use in experiments.
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4.2.3. Parasitization of A. orientalis grubs by T. popillavora wasps and survival of
survival of T. popilliavora larvae
The grubs that survived feeding on different turfgrass species were introduced
individually into 29 mL clear plastic containers with 1 cm of moist, autoclaved, and sifted
soil. Then a single wasp was introduced into each container with a grub. The containers
were then kept under dark conditions for 48 hrs for oviposition. Individual grubs bearing
an egg of T. popilliavora were placed into small containers (29 mL) with the same
turfgrass species in which they had been developing since first instar. All containers with
parasitized grubs were watered daily (misting once onto the surface of each container).
The survival and development of individual grubs bearing an egg were inspected weekly
by emptying the cups. After checking the survival each surviving grub bearing a life
stage of wasp was again transferred into a new container with its corresponding intact
turfgrass species. The survival of wasps was examined for three consecutive weeks. The
overall effect of turfgrass species on the survival of T. popilliavora larvae was tested with
a Wald-chi-square test using logistic regression in Proc Logistic (SAS 9.3, Moeschberger
and Klein 2003; Allison 2010). Further pairwise comparisons were conducted using the
same Bonferroni procedure in order to compare the survival of T. popilliavora larvae
among turfgrass species. The same procedure (Bonferroni test) was used to adjust for the
multiplicity of comparisons among turfgrasses species (six pairs) and the significance
level was adjusted at 0.0083.
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4.3 Results
4. 3.1. Survival and development of first instar A. orientalis
Survival rate, weight, and instar distribution of A. orientalis grubs introduced into
the pots containing different turfgrass species as neonates are shown in figures 28, 29,
and 30. Significant differences were shown among turfgrass species for survival rate (F =
5.21; df = 3; P = 0.003), weight after 7 weeks (F = 9.58; df = 3; P = < 0.0001, and
number of third instar grubs surviving (F = 9.79; df = 3; P = < 0.0001). The endophytefree tall fescue and perennial ryegrass showed a significantly greater number of surviving
grubs per pot compared to Kentucky bluegrass (Fig.28, Tukey’s HSD test, tall fescue
endophyte-free vs. Kentucky bluegrass, df = 76, P = 0.009; perennial ryegrass vs.
Kentucky bluegrass, df = 76, P = 0.0005). There was no significant difference in the
mean number of grubs per pot between perennial ryegrass and both endophyte-free and
endophyte-infected tall fescue (perennial ryegrass vs. endophyte-free tall fescue, df= 76,
P = 0.317; perennial ryegrass vs. endophyte-infected tall fescue, df = 76, P = 0.135).
However, the number of surviving grubs was significantly different between tall fescue
endopyte-free and endophyte-infected (df = 76, P = 0.014)
A. orientalis grubs fed on Kentucky bluegrass showed the lowest mean weight
compared to the grubs feeding on other three turfgrass species (Fig. 29, Tukey’s HSD
test, Perennial ryegrass vs. Kentucky bluegrass, df = 175, P = < 0.0001; endophyte-free
tall fescue vs. Kentucky bluegrass, df = 175, P = < 0.0001; endophyte-infected tall fescue
vs. Kentucky bluegrass, df = 175, P = 0.003). The highest mean weight was shown by
grubs fed upon the roots of perennial ryegrass (193 mg). Mean weights did not show a
significant difference between perennial ryegrass vs. endophyte-infected and endopyte118

free tall fescue (perennial ryegrass vs. endophyte-free tall fescue, df = 175, P = 0.654;
perennial ryegrass vs. endophyte-infected tall fescue, df = 175, P = 0.057). Further, the
weights of grubs fed upon endophyte-infected and endophyte-free tall fescue did not
show a statistically significant difference (df = 175, P = 0.120). The number of third
instar grubs surviving per pot was significantly greater for perennial ryegrass and
endophyte-free tall fescue compared with Kentucky bluegrass and endophyte-infected tall
fescue (Figure 30, Tukey’s HSD test, perennial ryegrass vs. Kentucky bluegrass, df = 76,
P = <0.0001; perennial ryegrass vs. endophyte-infected tall fescue, df = 76, P = 0.033;
endopyte-free tall fescue vs. Kentucky bluegrass, df = 76, P = < 0.0001). The lowest
mean number of third instar grubs per pot was shown by Kentucky bluegrass which was
significantly different from endophyte-infected tall fescue (df = 76, P = 0.029). Mean
number of third instars per pot was significantly different between endophyte-free vs.
endophyte-infected tall fescue (df = 76, P = 0.021). In addition, mean number of second
instars per pot did not show a difference among four turfgrass species (F = 0.71; df = 3; P
= 0.549). However, the highest ratio for mean number of second instars to third instars
per pot was shown by Kentucky bluegrass (Fig. 30).
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BC
C

Figure 24. Mean number of A. orientalis grubs (± S. E) surviving in each turfgrass
species implanted as neonate larvae and reared for seven weeks. Means with the same
letter do not differ significantly (ANOVA and Tukey’s HSD test, P > 0.05).
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Figure 25. Mean weight (± S. E) of A. orientalis grubs reared in each turfgrass species
implanted as neonate larvae and reared for seven weeks. Means with the same letter do
not differ significantly (ANOVA and Tukey’s HSD test, P > 0.05).
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Figure 26. Mean number of second and third-instar A. orientalis grubs (± S. E) surviving
in each turfgrass species implanted as neonate larvae and reared for seven weeks. Means
with the same letter do not differ significantly (ANOVA and Tukey’s HSD test,
P > 0.05).

122

4. 3.2. The effect of turfgrass species on the survival of T. popilliavora wasps
The overall effect of turfgrass species on which the A. orientalis larvae were fed
upon was significant for the survival of T. popilliavora larvae based on the significance
level of 0.05 (Wald-Chi-Square test, df = 3, Wald χ2 = 10.832, P = 0. 013). Then pairwise
comparisons were conducted to in order to examine the survival differences of T.
popilliavora larvae among turfgrass species. The survival T. popilliavora larvae on A.
orientalis grubs that had been exposed to perennial ryegrass was significantly different
from those of Kentucky bluegrass with a p-value of 0.002. The odds of parasitized grub
death (i.e., the number of grubs dead/number of grubs alive at the beginning of each
week) for perennial ryegrass was 77% lower than that of Kentucky bluegrass. The
survival of T. popilliavora larvae on A. orientalis grubs that had been exposed to
endophyte-free tall fescue was significantly different from those of Kentucky bluegrass
with a p-value of 0.007. Further, the odds of parasitized grub death for endophyte free tall
fescue was 72% lower than on Kentucky bluegrass. Moreover, the survival of T.
popilliavora larvae on A. orientalis grubs did not show a significant difference between
perennial ryegrass vs. endophyte free tall fescue (Wald χ2 = 0.478, P = 0.495), perennial
ryegrass vs. endophyte infected tall fescue (Wald χ2 = 2.991, P = 0.084), endophyte
infected tall fescue vs. endophyte free tall fescue (Wald χ2 = 1. 516, P = 0.218), and
endophyte infected tall fescue vs. Kentucky bluegrass (Wald χ2 = 2.351, P = 0.125).

4.4 Discussion
Although scarabaeid grubs have generally abundant food supply in the form of roots,
their food source is generally considered as low in nutritional quality compared with the
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above-ground plant tissues (Brown and Gange 1990). The survival, growth, and
development of scarabaeid grubs could vary based on the nutritional quality of the food
that they have been consuming (Potter et al., 1992). In this study we examined the
survival, weight gain, and instar distribution of larvae of A. orientalis that had been
exposed to the roots of three species of cool season turfgrasses including endophyte-free
and endophyte-infected tall fescues. The larvae on endophyte-free tall fescue and
perennial ryegrass showed a relatively high survival rate, and high mean grub weight
compared with Kentucky bluegrass. Further the mean number of third instar grubs per pot
was greater for perennial ryegrass and endophyte-free tall fescues than for Kentucky
bluegrass. These observations were similar to the results of Potter et al. (1992), who
observed the survival, weight gain, and development of first instars of P. japonica grubs
on the same turfgrass species used in this study. Differential nutritional qualities of
turfgrasses could contribute to different consumption rates, utilization efficiencies,
growth rates, and durations of lifecycles of root feeding insects (Potter et al., 1992). Thus,
A. orientalis grubs that fed upon poor nutritional quality turfgrasses might show
relatively longer consumption time, low utilization efficiency, low growth rate, and long
life cycle compared with grubs that had been exposed to turfgrasses with relatively high
nutritional quality. However, very little is known about the nutritional qualities of
turfgrasses. Potter et al. (1992) have calculated nutritional indices such as consumption
index, growth rate, efficiency of conversion of ingested and of digested food, and
approximate digestibility according to Waldbauer (1968) for P. japonica and
Cyclocephala lurida fed on the roots of tall fescue, hard fescue, perennial ryegrass,
creeping bent grass, tall fescue, and Kentucky bluegrass. Potter et al. (1992) have shown
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that Kentucky bluegrass is associated with the lowest root consumption, utilization
efficiency, and growth rate for C. lurida. In contrast, Potter et al. (1992) showed that
none of those parameters differ between Kentucky bluegrass and other turfgrasses
(endophyte-free and infected-tall fescue) for P. japonica.
Further, the total root N content between grass species may vary and could affect the
growth of a given species of root feeding insects. However, the total root N content
between Kentucky bluegrass and other grasses did not show a significant difference
(Potter et al., 1992). Also in another study, the addition of NPK (15:7:5) fertilizer
markedly increased N levels of pasture grasses but it did not affect the larval growth,
consumption rates, or survival of C. zealandica in laboratory and small plot trials
(Prestidge et al., 1985). Nutritional quality testing (among turfgrasses) based on
nutritional indices for A. orientalis was not undertaken in this experiment nor was the
total N content of the roots between turfgrass species tested. The nutritional quality
indices between grass species may vary for A. orientalis grubs and could affect the
differential survival, mean weight, and third-instar distribution between Kentucky blue
grass and other grass species (perennial ryegrass and endophyte free tall fescue). It is
known that grubs may compensate for developing on poor quality diets by continuing to
feed longer to reach pupal weight (Prestidge et al., 1985). In fact, our findings showed
that the grubs developing in Kentucky bluegrass appeared to be phenologically behind
(i.e., with a majority of second instars) compared to those in tall fescue and perennial
ryegrass (Fig. 30). In tall fescue, endophyte infection had reduced A. orientalis survival
without affecting its weight gain. This observation was similar to Koppenhӧfer et al.
(2003), who observed a negative effect of tall fescue endophytes on larval development
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of first instar A. orientalis. Several studies have shown that these negative effects appear
to be limited to the young larval stages (Potter et al., 1992, Koppenhӧfer and Fuzy 2003,
Koppenhӧfer et al., 2003).
The survival of T. popilliavora larvae on A. orientalis grubs that had been exposed to
perennial ryegrass and endophyte-free tall fescue was significantly greater than survival
of Kentucky bluegrass. Since the grubs had been exposed to different turfgrass species
before they have been parasitized by T. popilliavora wasps, the quality of the host (or
suitability) for successful development of parasitoid larvae could vary depending on the
turfgrass species on which they had been reared. The nutritional qualities among three
species of turfgrasses on which the hosts (A. orientalis grubs) were reared were not
studied in this experiment. However several studies have shown that the nutritional
quality of the host’s food plant can influence parasitoid survival and growth (Muller
1983; Shapiro 1956; Smith 1957; Cheng 1970; Greenbalt and Barbosa 1981; Karowe and
Schoonhoven 1992; Talaei 2009). Salt (1941) showed that interspecific variation in hosts
can have some dramatic and potentially significant effects, basically due to insufficiency
of food for developing parasitoids. Further, Barbosa et al. (1982) have noted that
herbivorous hosts’ interspecific variations, particularly in polyphagous herbivores, may
have profound impacts on parasitoids that are associated with them. This study provides
the evidence for the first time that the plant species on which A. orientalis grubs feed is
an important factor in survival of tiphiid parasitoids.
As we needed to continue the experiment with the surviving grubs in each grass
species, all the surviving grubs, regardless of the instar, were exposed to T. popilliavora
wasps and the parasitoid survival was recorded over time. The majority of A. orientalis
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grubs that survived in Kentucky bluegrass were second instars. Thus the wasp larvae that
were developing on the second instar grubs may have to cope with a food supply that is
insufficient to bring the parasitoid larvae to maturity (Clausen et al., 1927). The
phenological differences of grubs that had been exposed to Kentucky bluegrass compared
to other two grass species might have affected the relatively lower wasp larval survival in
Kentucky bluegrass.
Although the grub survival was significantly different between endophyte-infected
and endophyte-free tall fescues, the survival of T. popilliavora larvae did not show a
significant difference between those two. The grub development was observed for seven
weeks whereas parasitized grub development was observed for three weeks due to the
difficulties of long term rearing of parasitized grubs under laboratory conditions. This
shorten observation period could have prevented detection of any effect on survival of
parasitized grubs between endophyte-infected and endophyte-free tall fescue.
Nevertheless, this study provides information for the first time on the survival and
development A. orientalis grubs on three species of commonly used cool season
turfgrasses. Our findings have shown that most preferable turfgrasses for A. orientalis
development are the perennial ryegrass and tall fescue. In contrast, grubs showed a
relatively poor survival and development on Kentucky bluegrass. More experiments are
needed in order to obtain information on the nutritional qualities of the turfgrass species
for A. orientalis grubs. To our knowledge, this is the first study that examined the effect
of the turfgrass species on the survival of tiphiid parasitoids. We found that wasp survival
is not the same when their hosts were grown on different turfgrass species. Perennial
ryegrass and endophyte-free tall fescue showed the greatest survival of T. popilliavora
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larvae which is significantly different from survival rate on Kentucky bluegrass. The
knowledge gained in this experiment will help us to understand how the use of different
turfgrass species affects the abundance and density of tiphiid wasps in a field area with a
given turfgrass species. Further laboratory and field experiments using single turfgrass
species and mixtures are needed to understand how the density and abundance of tiphiid
wasps varies under field conditions.

128

4.5 Literature Cited
Abrahamson, W. G., and A. E. Weis. 1997. Evolutionary ecology across three trophic
levels. Princeton University Press, Princeton, New Jersey, USA.
Allison, P. D. 2010. Survival analysis using SAS: a practical guide. SAS Institute.
Alm, S. R., M. G. Villani, and W. Roelofs. 1999. Oriental Beetles (Coleoptera:
Scarabaeidae): Current Distribution in the United States and Optimization of
Monitoring Traps. Journal of Economic Entomology 92: 931-935.
Bacon, C. W., J. K. Porter, and J. D. Robbins. 1979. Laboratory production of ergot
alkaloids by species of Balansia. Journal of general microbiology 113: 119-126.
Bacon, C. W., and J. De Battista. 1990. Endophytic fungi of grasses, pp. 231-256. In D.
K. Arora (ed.), Handbook of applied mycology, vol. 1, Soil and plant. Marcel
Dekker, New York.
Barbosa, P., J. A. Saunders, and M. Waldvogel. 1982. Plant-mediated variation in
herbivore suitability and parasitoid fitness, pp. 63-71, Proceedings of the 5th
International Symposium in Insect-Plant Relationships. Center for Agricultural
Publishing and Documentation, Wageningen.
Brown, V. K. 1984. Secondary succession: insect-plant relationships. Bioscience: 34:
710-716.
Brown, V. K., and A. C. Gange. 1990. Insect herbivory insect below ground. In M.
Begon, A. H. Fitter and A. Macfadyen (eds.). Advances in ecological research.
20: 1-58.

129

Cheng, L. 1970. Timing of attack by Lypha dubia Fall.(Diptera: Tachinidae) on the
winter moth Operophtera brumata (L.)(Lepidoptera: Geometridae) as a factor
affecting parasite success. The Journal of Animal Ecology: 313-320.
Clausen, C. P., J. L. King, C. Teranishi, and A. United States. Dept. of. 1927. The
parasites of Popillia japonica in Japan and Chosen (Korea), and their introduction
into the United States. U.S. Dept. of Agriculture, Washington, D.C.
Dahlman, D. L., H. Eichenseer, and M. R. Siegel. 1991. Chemical perspectives on
endophyte-grass interactions and their implications to insect herbivory. In P.
Barbosa, V. Krischik, and C. G. Jones (eds.). Microbial mediation of plantherbivore interactions. Wiley, New York: 227-252.
DeMoras, C. M., and M. C. Escher. 1990. Interactions in Entomology: Plant-parasitoid
interactions in tritrophic system. Journal of Entomological Science 34 (1): 31-39.
Doutt, R. L. 1959. The biology of parasitic Hymenoptera. Annual Review of Entomology
4: 161-182.
Funk, C. R., and J. F. White Jr. 1997. Use of natural and transformed endophytes for turf
improvement, pp. 229-239. In C. W. Bacon and N. S. Hill (eds.), Neotyphodium /
Grass interactions. Plenum, New York.
Greenblatt, J. A., and P. Barbosa. 1981. Effects of host's diet on two pupal parasitoids of
the gypsy moth: Brachymeria intermedia (Nees) and Coccygomimus turionellae
(L.). Journal of Applied Ecology: 1-10.
Hawkins, B. A. 2005. Pattern and process in host-parasitoid interactions. Cambridge
University Press.

130

House, J. L., and J. S. Barlow. 1961. Effects of different diets of a host Agria afinia
(Fall.) (Diptera: Sarcophagidae), on the development of a parasitoid Aphareta
pallipes (say) (Hymenoptera : Braconidae). Canadian Entomologist 93: 10411044.
Karowe, D. N., and L. M. Schoonhoven. 1992. Interactions among three trophic levels:
the influence of host plant on performance of Pieris brassicae and its parasitoid,
Cotesia glomerata. Entomologia experimentalis et applicata 62: 241-251.
Koppenhӧfer, A. M., and E. M. Fuzy. 2003. Effects of turfgrass endophytes
(Clavicipitaceae: Ascomycetes) on white grub (Coleoptera: Scarabaeidae) control
by the entomopathogenic nematode Heterorhabditis bacteriophora (Rhabditida:
Heterorhabditidae). Environmental entomology 32: 392-396.
Koppenhӧfer, A. M., R. S. Cowles, and E. M. Fuzy. 2003. Effects of turfgrass
endophytes (Clavicipitaceae: Ascomycetes) on white grub (Coleoptera:
Scarabaeidae) larval development and field populations. Environmental
entomology 32: 895-906.
Koppenhӧfer, A. M., S. Polavarapu, E. M. Fuzy, A. Zhang, K. Ketner, and T. Larsen.
2005. Mating disruption of oriental beetle (Coleoptera: Scarabaeidae) in turfgrass
using microencapsulated formulations of sex pheromone components.
Environmental entomology 34: 1408-1417.
Koppenhӧfer, A. M., and E. M. Fuzy. 2008. Effect of the anthranilic diamide insecticide,
chlorantraniliprole, on Heterorhabditis bacteriophora (Rhabditida:
Heterorhabditidae) efficacy against white grubs (Coleoptera: Scarabaeidae).
Biological Control 45: 93-102.
131

Latch, G. C. M., M. J. Christensen, B. A. Tapper, H. S. Easton, D. E. Hume, and L. R.
Fletcher. 2000. Tall fescue endophytes. Patent No. 6111170. U.S. Patent Office,
Washington, DC.
Legrand, A. 2009. Tiphia parasitic wasps take on Japanese and Oriental Beetle grubs.
Turfgrass trends: 49-52.
Moeschberger, M. L., and J. P. Klein. 2003. Survival analysis: Techniques for censored
and truncated data: Statistics for Biology and Health. Springer.
Mueller, T. F. 1983. The effect of plants on the host relations of a specialist parasitoid of
Heliothis larvae. Entomologia Experimentalis et Applicata 34: 78-84.
Nathan, S. S., K. Kalaivani, R. W. Mankin, and K. Murugan. 2006. Effects of millet,
wheat, rice, and sorghum diets on development of Corcyra cephalonica (Stainton)
(Lepidoptera: Galleriidae) and its suitability as a host for Trichogramma chilonis
Ishii (Hymenoptera: Trichogrammatidae). Environmental entomology 35: 784788.
Patterson, C. G., D. A. Potter, and F. F. Fannin. 1991. Feeding deterrency of alkaloids
from endophyte-infected grasses to Japanese beetle grubs. Entomologia
Experimentalis et Applicata 61: 285-289.
Polavarapu, S. 1996. Species composition of scarab grubs and seasonal life-history of
oriental beetle in blueberries. Horticultural News 76: 8-11.
Potter, D. A., C. G. Patterson, and C. T. Redmond. 1992. Influence of turfgrass species
and tall fescue endophyte on feeding ecology of Japanese beetle and southern
masked chafer grubs (Coleoptera: Scarabaeidae). Journal of Economic
Entomology 85: 900-909.
132

Potter, D. A. 1998. Destructive turfgrass insects: biology, diagnosis, and control. Ann
Arbor Press.
Prestidge, R. A., S. van der Zijpp, and D. Badan. 1985. Effects of plant species and
fertilisers on grass grub larvae, Costelytra zealandica. New Zealand journal of
agricultural research 28: 409-417.
Salt, G. 1935. Experimental Studies in Insect Parasitism. II.--Host Selection. Proceedings
of the Royal Society of London. Series B, Biological Sciences 117: 413-435.
Salt, G. 1941. The effects of hosts upon their insect parasites. Biological Reviews 16:
239-264.
Shahayaraj, K., and P. Sathiamoorthi. 2002. Influence of different diets of Corcyra
cephalonica on life history of a reduviid predator Rhynocoris marginatus (Fab.).
Journal of Central European Agriculture 3: 53-62.
Shapiro, V. A. 1956. The influence of the nutritional regimes of the host on the growth of
certain parasites. Zhurnal Obshcher Biology 17: 218-227.
Siegel, M. R., G. C. M. Latch, and M. C. Johnson. 1987. Fungal endophytes of grasses.
Annual review of phytopathology 25: 293-315.
Smith, J. M. 1957. Effects of the food plant of California red scale, Aonidiella aurantii
(Mask.) on reproduction of its hymenopterous parasites. The Canadian
Entomologist 89: 219-230.
Stamp, N. 2001. Enemy-free space via host plant chemistry and dispersion: assessing the
influence of tri-trophic interactions. Oecologia 128: 153-163.

133

Talaei, R. 2009. Influences of plant species on life history traits of Cotesia rubecula
(Hymenoptera: Braconidae) and its host Pieris rapae (Lepidotera: Pieridae).
Biological Control 51: 72-75.
Van Huis, A., and M. De Rooy. 1998. The effect of leguminous plant species on
Callosobruchus maculatus (Coleoptera: Bruchidae) and its egg parasitoid Uscana
lariophaga (Hymenoptera: Trichogrammatidae). Bulletin of entomological
research 88: 93-99.
Vinson, S. B. 1976. Host Selection by Insect Parasitoids. Annual Review of Entomology
21: 109-133.
Vittum, P. J., M. G. Villani, and H. Tashiro. 1999. Turfgrass Insects of the United States
and Canada. Cornell Univ. Press, Ithaca, NY.
Waldbauer, G. P. 1968. The consumption and utilization of food by insects. Advances in
insect physiology 5: 229-288.

134

